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"#453"$5 $GMXVWLQJ WKH VWLPXODWLRQ SDUDPHWHUV LV D FKDOOHQJH LQ GHHS EUDLQ VWLPXODWLRQ '%6
WKHUDS\ GXH WR WKH YDVW QXPEHU RI GLIIHUHQW FRQȌJXUDWLRQV DYDLODEOH $V D UHVXOW V\VWHPV EDVHG
RQ WKH YLVXDOL]DWLRQ RI WKH YROXPH RI WLVVXH DFWLYDWHG 97$ SURGXFHG E\ D SDUWLFXODU VWLPXODWLRQ
VHWWLQJ KDYH EHHQ GHYHORSHG +RZHYHU WKH PHGLFDO VSHFLDOLVW VWLOO KDV WR VHDUFK E\ WULDO DQG
HUURU IRU D '%6 VHWXS WKDW JHQHUDWHV WKH GHVLUHG 97$ 7KHUHIRUH RXU JRDO LV GHYHORSLQJ D
'%6 SDUDPHWHU WXQLQJ VWUDWHJ\ IRU FXUUHQW FOLQLFDO GHYLFHV WKDW DOORZV GHȌQLQJ D WDUJHW 97$
XQGHU ELRSK\VLFDOO\ YLDEOH FRQVWUDLQWV :H SURSRVH D PDFKLQH OHDUQLQJ DSSURDFK WKDW DOORZV
HVWLPDWLQJ WKH '%6 SDUDPHWHU YDOXHV IRU D JLYHQ 97$ ZKLFK FRPSULVHV WZR PDLQ VWDJHV
L $ .QHDUHVW QHLJKERUVEDVHG GHIRUPDWLRQ WR GHȌQH D WDUJHW 97$ SUHVHUYLQJ ELRSK\VLFDOO\
YLDEOH FRQVWUDLQWV LL $ SDUDPHWHU HVWLPDWLRQ VWDJH WKDW FRQVLVWV RI D GDWD SURMHFWLRQ XVLQJ
PHWULF OHDUQLQJ WR KLJKOLJKW UHOHYDQW 97$ SURSHUWLHV DQG D UHJUHVVLRQFODVVLȌFDWLRQ DOJRULWKP
WR HVWLPDWH WKH '%6 SDUDPHWHUV WKDW JHQHUDWH WKH WDUJHW 97$ 2XU PHWKRGRORJ\ DOORZV VHWWLQJ
D ELRSK\VLFDOO\ FRPSOLDQW WDUJHW 97$ DQG DFFXUDWHO\ SUHGLFWV WKH UHTXLUHG FRQȌJXUDWLRQ RI
VWLPXODWLRQ SDUDPHWHUV $OVR WKH SHUIRUPDQFH RI RXU DSSURDFK LV VWDEOH IRU ERWK LVRWURSLF DQG
DQLVRWURSLF WLVVXH FRQGXFWLYLWLHV )XUWKHUPRUH WKH FRPSXWDWLRQDO WLPH RI WKH WUDLQHG V\VWHP LV
DFFHSWDEOH IRU UHDOZRUOG LPSOHPHQWDWLRQV
3&46.&/ $MXVWDU ORV SDU£PHWURV GH HVWLPXODFLµQ HV XQ GHVDI¯R HQ OD HVWLPXODFLµQ FHUHEUDO
SURIXQGD '%6 GHELGR D OD JUDQ FDQWLGDG GH FRQȌJXUDFLRQHV GLVSRQLEOHV &RPR UHVXOWDGR
VH KDQ GHVDUUROODGR VLVWHPDV EDVDGRV HQ OD YLVXDOL]DFLµQ GHO YROXPHQ GH WHMLGR DFWLYDGR 97$
SURGXFLGR SRU XQD FRQȌJXUDFLµQ GH HVWLPXODFLµQ SDUWLFXODU 6LQ HPEDUJR HO HVSHFLDOLVWD
WRGDY¯D WLHQH TXH EXVFDU PHGLDQWH HQVD\R \ HUURU XQD FRQȌJXUDFLµQ '%6 TXH JHQHUH HO
97$ GHVHDGR 3RU OR WDQWR QXHVWUR REMHWLYR HV GHVDUUROODU XQD HVWUDWHJLD GH DMXVWH GH
ORV SDU£PHWURV GH '%6 SDUD ORV GLVSRVLWLYRV FO¯QLFRV DFWXDOHV TXH SHUPLWD GHȌQLU XQ 97$
REMHWLYR EDMR UHVWULFFLRQHV ELRI¯VLFDPHQWH YLDEOHV 3URSRQHPRV XQ HQIRTXH GH DSUHQGL]DMH GH
P£TXLQD TXH SHUPLWH HVWLPDU ORV YDORUHV GH ORV SDU£PHWURV GH '%6 SDUD XQ 97$ GDGR TXH
FRQVWD GH GRV HWDSDV SULQFLSDOHV L 8QD GHIRUPDFLµQ EDVDGD HQ .YHFLQRV P£V FHUFDQRV
SDUD GHȌQLU XQ 97$ REMHWLYR VXMHWR D UHVWULFFLRQHV ELRI¯VLFDV LL 8QD HWDSD GH HVWLPDFLµQ
GH SDU£PHWURV TXH FRQVLVWH HQ XQD SUR\HFFLµQ GH GDWRV SDUD UHVDOWDU ODV SURSLHGDGHV
UHOHYDQWHV GHO 97$ \ XQ DOJRULWPR GH UHJUHVLµQFODVLȌFDFLµQ SDUD HVWLPDU ORV SDU£PHWURV '%6
QHFHVDULRV SDUD JHQHUDU HO 97$ REMHWLYR 1XHVWUD PHWRGRORJ¯D SHUPLWH HVWDEOHFHU XQ 97$
REMHWLYR FRPSDWLEOH ELRI¯VLFDPHQWH \ SUHGLFH FRQ SUHFLVLµQ OD FRQȌJXUDFLµQ UHTXHULGD GH ORV
SDU£PHWURV GH HVWLPXODFLµQ $GHP£V HO UHQGLPLHQWR GH QXHVWUR HQIRTXH HV HVWDEOH WDQWR SDUD
FRQGXFWLYLGDGHV GHO WHMLGR LVRWUµSLFDV FRPR DQLVRWUµSLFDV $GHP£V HO WLHPSR GH FµPSXWR GHO
VLVWHPD HQWUHQDGR HV DFHSWDEOH SDUD LPSOHPHQWDFLRQHV HQ HO PXQGR UHDO
 +PVTQFWEVKQP
'HHS EUDLQ VWLPXODWLRQ '%6 LV D QHXURORJLFDO WKHUDS\
WKDW FRQVLVWV RI VHQGLQJ HOHFWULFDO SXOVHV RI SDUWLFXODU
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DPSOLWXGH SXOVH ZLGWK DQG IUHTXHQF\ WR D WDUJHW UHJLRQ
RI WKH EUDLQ WKURXJK D QHXURVWLPXODWRU > @ '%6
LV FRQGXFWHG PDLQO\ IRU WKH WUHDWPHQW RI PRYHPHQW
GLVRUGHUV VXFK DV 3DUNLQVRQǢV GLVHDVH G\VWRQLD DQG
HVVHQWLDO WUHPRU > @ 1RZDGD\V LWV ȌHOG RI DFWLRQ
KDV H[SDQGHG WR WKH WUHDWPHQW RI YDULRXV QHXURORJLFDO
GLVRUGHUV >Ǟ@ GHVSLWH SHUVLVWHQW TXHVWLRQV DERXW LWV
PHFKDQLVPV RI DFWLRQ > @ )URP D FOLQLFDO SHUVSHFWLYH
RQH RI WKH VLJQLȌFDQW SRVWVXUJLFDO FKDOOHQJHV IRU WKHUDS\
VXFFHVV LV WKH '%6 GHYLFH SURJUDPPLQJ 7KLV SURFHVV
FRQVLVWV RI WXQLQJ WKH VWLPXODWLRQ SDUDPHWHUV DPSOLWXGH
SXOVH ZLGWK IUHTXHQF\ DQG HOHFWURGH FRQWDFW VWDWH LQ
D ZD\ WKDW PD[LPL]HV WKH WKHUDSHXWLF EHQHȌWV ZKLOH
PLQLPL]LQJ DGYHUVH VLGH HIIHFWV >@ 3URJUDPPLQJ WKH
GHYLFH LV LQKHUHQWO\ FRPSOH[ GXH WR WKH KLJK QXPEHU RI
SRVVLEOH VWLPXODWLRQ FRQȌJXUDWLRQV ZLWKRXW PHQWLRQLQJ
RWKHU SDWLHQWGHSHQGHQW YDULDEOHV VXFK DV HOHFWURGH
SODFHPHQW DQG ORFDO EUDLQ FRQGXFWLYLW\ ZKLFK PDNHV LW
D ORQJ DQG WHGLRXV SURFHVV WKDW GHSHQGV KHDYLO\ RQ WKH
PHGLFDO VSHFLDOLVWǢV H[SHULHQFH >Ǟ@
,Q WKH ODVW GHFDGH VHYHUDO DSSOLFDWLRQV KDYH EHHQ
GHYHORSHG WR DVVLVW LQ WKH SURJUDPPLQJ RI '%6 GHYLFHV
EDVHG RQ WKH YLVXDOL]DWLRQ RI WKH VSDWLDO H[WHQW RI GLUHFW
QHXURQDO DFWLYDWLRQ LQ UHVSRQVH WR H[WHUQDO HOHFWULFDO
VWLPXODWLRQ 9ROXPH RI 7LVVXH $FWLYDWHG 97$ >Ǟ@
7KH 97$ YLVXDOL]DWLRQ ZLWK DFFXUDWH ' UHFRQVWUXFWLRQV
RI WKH VWLPXODWLRQ HOHFWURGH DQG LWV VXUURXQGLQJ EUDLQ
VWUXFWXUHV DOORZV UHODWLQJ WKH DSSOLHG HOHFWULF SXOVH WUDLQ
WR WKH WKHUDSHXWLF HIIHFWV 6R DUHDV RI WKH VWUXFWXUHV RI
LQWHUHVW WKDW DUH DIIHFWHG E\ WKH '%6 FDQ EH H[WUDFWHG
EDVHG RQ WKH 97$ >Ǟ@ $FFRUGLQJO\ V\VWHPV IRU 97$
YLVXDOL]DWLRQ DOORZ WKH PHGLFDO VSHFLDOLVW WR YDU\ WKH
VWLPXODWRU SDUDPHWHUV ZKLOH SUHGLFWLQJ WKH 97$ DQG
WKHUHE\ WR JDLQ DQ LGHD RI WKH UHTXLUHG FRQȌJXUDWLRQ WR
DFKLHYH WKH GHVLUHG WKHUDSHXWLF RXWFRPH > @
7KH FRPSXWDWLRQ RI WKH 97$ LV JURXQGHG RQ
HOHFWURSK\VLRORJLFDO PRGHOV RI QHXUDO DFWLYLW\ WKDW
HVWLPDWH WKH EUDLQ WLVVXH UHVSRQVH WR WKH GLVWULEXWLRQ RI
HOHFWULF SRWHQWLDO JHQHUDWHG E\ WKH VWLPXODWRU >  @
7KH FRPSOH[LW\ RI VXFK PRGHOV YDULHV ZLGHO\ GHSHQGLQJ
RQ WKH OHYHO RI GHWDLO LQ ERWK WKH HOHFWULFDO DQG WKH QHXUDO
FKDUDFWHUL]DWLRQ RI WKH HOHFWURGH DQG WKH EUDLQ WLVVXH LH
KRPRJHQHRXV KHWHURJHQHRXV LVRWURSLF RU DQLVRWURSLF
EUDLQ WLVVXH FRQGXFWLYLWLHV QHXURQDO RU D[RQDO PRGHOV
ZLWK LGHDOL]HG RU WUDFWRJUDSK\EDVHG PRUSKRORJLHV DQG
WUDMHFWRULHV DPRQJ RWKHUV >Ǟ@ +RZHYHU HYHQ WKH
VLPSOHVW PRGHO FDUULHV D KLJK FRPSXWDWLRQDO WLPH VR WR
DOORZ WKHLU LQWHJUDWLRQ LQWR SUDFWLFDO DSSOLFDWLRQV VRPH
DOWHUQDWLYH VLPXODWLRQ VWUDWHJLHV KDYH EHHQ GHYHORSHG
>Ǟ@
,Q >@ WKH DXWKRUV SURSRVHG WKH XVH RI DUWLȌFLDO QHXUDO
QHWZRUNV WR HVWLPDWH WKH 97$ JLYHQ D FRPELQDWLRQ RI
VWLPXODWLRQ SDUDPHWHUV $IWHU WUDLQLQJ WKH V\VWHP
ZLWK '%6 SDUDPHWHUV DV LQSXWV DQG HOOLSWLF SURȌOHV
UHSUHVHQWLQJ WKH 97$ DV RXWSXWV LW DFKLHYHG D ORZHU
FRPSXWDWLRQDO WLPH WKDQ WKDW RI VWDQGDUG PRGHOV >@
/LNHZLVH RXU JURXS GHYHORSHG D KLHUDUFKLFDO .QHDUHVW
QHLJKERUEDVHG DSSURDFK WKDW DFFRPSOLVKHV WKH VDPH
JRDO ZLWKRXW VLPSOLI\LQJ WKH VKDSH RI WKH 97$ >@
1RQHWKHOHVV LQ VSLWH RI WKH FRQVLGHUDEOH EHQHȌWV
RIIHUHG E\ WKH SUHYLRXVO\ GHVFULEHG 97$ FRPSXWDWLRQ
DQG YLVXDOL]DWLRQ V\VWHPV WKH\ VWLOO GHSHQG RQ D
KHXULVWLF VHDUFK WULDO DQG HUURU RI WKH VWLPXODWLRQ
SDUDPHWHUV QHFHVVDU\ WR JHQHUDWH D WDUJHW GHVLUHG
97$ 7KLV OLPLWDWLRQ SURPLVHV WR EHFRPH LQFUHDVLQJO\
HYLGHQW EHFDXVH WKH GHVLJQV IRU QHZ JHQHUDWLRQV RI '%6
GHYLFHV RIIHU DQ H[SRQHQWLDOO\ KLJKHU QXPEHU RI SRVVLEOH
FRPELQDWLRQV RI SDUDPHWHUV > Ǟ@
,Q OLJKW RI WKH DERYH WKH LGHD RI GHYHORSLQJ DQ DSSOLFDWLRQ
WKDW DOORZV HVWLPDWLQJ WKH VWLPXODWLRQ SDUDPHWHUV IURP D
WDUJHW 97$ DULVHV ,Q VXFK D V\VWHP WKH PHGLFDO VSHFLDOLVW
VKRXOG RQO\ GHȌQH WKH VKDSH RI QHXURQDO DFWLYDWLRQ
WKDW KHVKH GHHPV QHFHVVDU\ WR LPSURYH WKH SDWLHQWǢV
V\PSWRPDWRORJ\ 7KHQ WKH V\VWHP ZRXOG UHWXUQ WKH VHW
RI VWLPXODWLRQ SDUDPHWHUV WKDW JHQHUDWHV WKH 97$ FORVHVW
WR WKH GHVLUHG RQH IROORZLQJ WKH UHVWULFWLRQV LPSRVHG E\
WKH DVVXPHG HOHFWURSK\VLRORJLFDO PRGHO
8QOLNH WKH SUREOHP RI HVWLPDWLQJ WKH 97$ IURP WKH
VWLPXODWLRQ SDUDPHWHUV WKH SUREOHP LQ WKH UHYHUVH
GLUHFWLRQ KDV EHHQ OHVV VWXGLHG >@ ,Q >@ WKH DXWKRUV
SURSRVHG D SDUWLFOH VZDUP RSWLPL]DWLRQ DSSURDFK WR
SURJUDP '%6 GHYLFHV DVVXPLQJ HDFK VHW RI VWLPXODWLRQ
SDUDPHWHUV DV D SDUWLFOH 7KHLU DSSURDFK DLPV WRPD[LPL]H
D[RQDO DFWLYDWLRQ LQ D UHJLRQ RI LQWHUHVW WR PLQLPL]H D[RQDO
DFWLYDWLRQ LQ DQ DUHD RI DYRLGDQFH DQG WR PLQLPL]H
SRZHU FRQVXPSWLRQ 7KHLU DOJRULWKPV DUH EDVHG RQ DQ
RSWLPL]DWLRQ IXQFWLRQ WKDW UHOLHV RQ D VPRRWK DFWLYDWLRQ
WR FRPSXWH WKH D[RQDO UHVSRQVH WKLV LV OHVV FRVWO\ WKDQ
IXOO HOHFWURSK\VLRORJLFDO PRGHOV RI QHXUDO DFWLYLW\ DQG
SURGXFHV DFFXUDWH SUHGLFWLRQV IRU PRQRSRODU VWLPXODWLRQ
+RZHYHU DFWLYDWLRQ IXQFWLRQ SUHGLFWLRQV DUH QRW DFFXUDWH
ZKHQ GHDOLQJ ZLWK ELSRODU VWLPXODWLRQ >@ 7KLV OLPLWDWLRQ
LV QRW UHOHYDQW ZKHQ ZRUNLQJ ZLWK QHZ H[SHULPHQWDO '%6
GHYLFHV VXFK DV WKH RQH XVHG E\ 3H³D HW DO EHFDXVH WKHLU
FRPSOH[LW\ DOORZV REWDLQLQJ DQ\ GHVLUHG 97$ VKDSH XVLQJ
FDWKRGLF VWLPXODWLRQ RQO\ %XW LW LV UHOHYDQW ZKHQ ZRUNLQJ
ZLWK FXUUHQW '%6 FOLQLFDO GHYLFHV VXFK DV WKH 0HGWURQLFǢV
$&7,9$ VHULHV EHFDXVH ELSRODU VWLPXODWLRQ LV VRPHWLPHV
D QHFHVVDU\ VWUDWHJ\ WR DFKLHYH D SRVLWLYH WKHUDSHXWLF
RXWFRPH >@ JLYHQ WKH OLPLWDWLRQV RI WKH VWLPXODWRU
,Q WKLV ZRUN ZH SURSRVH D PDFKLQH OHDUQLQJ VWUDWHJ\ WKDW
DOORZV REWDLQLQJ D FRPELQDWLRQ RI '%6 SDUDPHWHUV IRU
FXUUHQW FOLQLFDO GHYLFHV WKDW JHQHUDWHV D WDUJHW 97$ 2XU
DSSURDFK FRQVLGHUV SK\VLFDO FRQVWUDLQWV RI WKH VWLPXODWLRQ
V\VWHP DQG WKH EUDLQ WLVVXH WR ȌQG DQ DSSURSULDWH '%6

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WXQLQJ %URDGO\ WKH LQWURGXFHG VWUDWHJ\ FRPSULVHV
WKH IROORZLQJ VWDJHV L $ .QHDUHVW QHLJKERUVEDVHG
GHIRUPDWLRQ WR GHȌQH D WDUJHW 97$ SUHVHUYLQJ ELRSK\VLFDOO\
YLDEOH FRQVWUDLQWV ,Q WKLV UHJDUG WKH 97$ LV UHSUHVHQWHG
DV HOOLSWLF SURȌOHV IROORZLQJ WKH DSSURDFK LQWURGXFHG LQ
>@ LL $ SDUDPHWHU HVWLPDWLRQ VWDJH WKDW FRQVLVWV RI D
GDWD SURMHFWLRQ EDVHG RQ &HQWHUHG .HUQHO $OLJQPHQW &.$
> @ WR KLJKOLJKW UHOHYDQW 97$ SURSHUWLHV UHJDUGLQJ
'%6 SDUDPHWHU YDULDWLRQV DQG D UHJUHVVLRQFODVVLȌFDWLRQ
DOJRULWKP XVLQJ NHUQHOEDVHG PDFKLQHV WR HVWLPDWH WKH
UHTXLUHG VWLPXODWLRQ SDUDPHWHUV WKDW JHQHUDWH WKH WDUJHW
97$ :LWK WKH DLP RI WHVWLQJ WKH SURSRVDOǢV ȍH[LELOLW\
FRPSXWDWLRQDO VLPXODWLRQV DUH FRQGXFWHG XQGHU GLIIHUHQW
VFHQDULRV ORZ PHGLXP DQG KLJK EUDLQ WLVVXH LPSHGDQFHV
YDOXHV DV ZHOO DV LVRWURSLF DQG DQLVRWURSLF EUDLQ WLVVXH
FRQGXFWLYLW\ FRQGLWLRQV > @ )RU HDFK VLPXODWLRQ
VFHQDULR SURYLGHG D IROG FURVVYDOLGDWLRQ VWUDWHJ\
LV HPSOR\HG 0RUH SUHFLVHO\ D TXDQWLWDWLYH HUURU YDOXH
LV FRPSXWHG EHWZHHQ WKH 97$ VLPXODWHG XVLQJ WKH JROG
VWDQGDUG DOJRULWKP >@ DQG WKH 97$ EHORQJLQJ WR WKH '%6
FRQȌJXUDWLRQ Ȍ[HG E\ RXU PDFKLQH OHDUQLQJ DSSURDFK
2XU PHWKRGRORJ\ VXFFHVVIXOO\ HVWLPDWHG '%6 SDUDPHWHU
FRPELQDWLRQV IRU WKH WDUJHW 97$V XQGHU WKH GLIIHUHQW
FRQGLWLRQV WHVWHG &RQFHUQLQJ WKH FRPSXWDWLRQDO WLPH RXU
VWUDWHJ\ UHTXLUHV OHVV WKDQ  VHFRQGV LQ D FRPSXWHU RI
DYHUDJH VSHFLȌFDWLRQV VHH VHFWLRQ  WR ȌQG D YLDEOH '%6
VHWXS IURP D WDUJHW 97$ ZKLFK ZRXOG DOORZ LWV LQFOXVLRQ
LQ SUDFWLFDO DSSOLFDWLRQV
 /CVGTKCNU CPF OGVJQFU
:LWK WKH DLP WR VXSSRUW '%6 SURJUDPPLQJ WDVNV ZH
LQWURGXFHG D PDFKLQH OHDUQLQJEDVHG DSSURDFK WKDW
HVWLPDWHV WKH UHTXLUHG VWLPXODWLRQ SDUDPHWHU YDOXHV
IURP D JLYHQ VHW RI HOOLSVHV UHSUHVHQWLQJ D WDUJHW 97$ DQG
D Ȍ[HG VWLPXODWLRQ SXOVHG ZLGWK GHȌQHG LQ IXQFWLRQ RI
WKH WKHUDSHXWLF UHTXLUHPHQWV LGHQWLȌHG E\ WKH PHGLFDO
VSHFLDOLVW ,Q SDUWLFXODU RXU DSSURDFK HVWLPDWHV WKH
VWLPXODWLRQ DPSOLWXGH DQG WKH DFWLYDWLRQ VWDWH DQG SRODULW\
RI WKH HOHFWURGH FRQWDFWV ,Q ZKDW IROORZV WKH SURSRVDOǢV
PDLQ VWDJHV VHH )LJXUH  DUH GHVFULEHG LQ GHWDLOHG
 # DKPCT[ EQFKPI HQT VJG 86#
7KH JROG VWDQGDUG IRU 97$ HVWLPDWLRQ LQYROYHV DV D ȌUVW
VWDJH FRPSXWLQJ WKH HOHFWULF SRWHQWLDO JHQHUDWHG E\ WKH
VWLPXODWRU IRU D VSHFLȌF VHW RI VWLPXODWLRQ SDUDPHWHUV
>@ (DFK VHW RI Q VWLPXODWLRQ SDUDPHWHUV UHOHYDQW IRU
97$ HVWLPDWLRQ FDQ EH FRGHG DV D VFDODU ω WKH SXOVH
ZLGWK LQ µV DQG D YHFWRU y = [A, c0, c1, c2, c3] ZKHUH
A LV WKH VWLPXODWLRQ DPSOLWXGH LQ 9 DQG cr ZLWK r =
0, 1, 2, 3 VWDQGV IRU WKH DFWLYDWLRQ VWDWH DQG SRODULW\ RI
WKH UWK HOHFWURGH FRQWDFW −1 FDWKRGH 0 LQDFWLYH
1 DQRGH 7KH HOHFWULF SRWHQWLDO GLVWULEXWLRQ LV WKHQ
XVHG WR H[FLWH PXOWLFRPSDUWPHQW D[RQ PRGHOV DUUDQJHG
LQ D ȌHOG LQ WKH YLFLQLW\ RI WKH '%6 HOHFWURGH VKDIW DV
VKRZQ LQ )LJXUH D $[RQV WKDW ȌUH DQ DFWLRQ SRWHQWLDO
DV D UHVSRQVH WR HDFK VWLPXODWLRQ SXOVH DUH FRQVLGHUHG
DFWLYH DQG WKHLU VSDWLDO GLVWULEXWLRQ GHȌQHV WKH 97$ >@
7KXV D 97$ FRPSXWHG IURP D ȌHOG RI P D[RQV FDQ EH
FRGHG DV D ELQDU\ YHFWRU x ∈ {0, 1}P WKURXJK D[RQ
UHVSRQVH FRQFDWHQDWLRQ ZKHUH xp = 1 LI WKH pWK D[RQ
LV DFWLYDWHG E\ WKH VWLPXODWLRQ DQG xp = 0 RWKHUZLVH
p ∈ {1, . . . , P} )ROORZLQJ WKLV UHSUHVHQWDWLRQ D
GDWDVHW RI N 97$V DQG WKHLU FRUUHVSRQGLQJ FRPELQDWLRQV
RI VWLPXODWLRQ SDUDPHWHUV FDQ EH VWRUHG DV PDWULFHV
X ∈ RN×P DQGY ∈ RN×Q−1 DQG D YHFWRU ω ∈ RN 
ZKHUH HDFK URZ YHFWRUyi ∈ RQ−1 i ∈ {1, . . . , N} LQY
DQG HDFK HOHPHQWωi LQω KROG WKH VWLPXODWLRQ SDUDPHWHUV
HPSOR\HG WR FRPSXWH WKH iWK 97$ xi ∈ {0, 1}P 
 -PGCTGUV PGKIJDQTUDCUGF 86#
FGHQTOCVKQP
,Q WKLV VHFWLRQ ZH LQWURGXFH D VWUDWHJ\ WR REWDLQ D
WDUJHW 97$ WKDW FORVHO\ UHVHPEOHV D YROXPH RI DFWLYDWLRQ
GHȌQHG E\ D VSHFLDOLVW ,W DOVR IROORZV WKH UHVWULFWLRQV
LPSRVHG E\ WKH DVVXPHG SURSHUWLHV RI WKH EUDLQ WLVVXH
DQG E\ WKH FKDUDFWHULVWLFV RI WKH VWLPXODWLRQ GHYLFH LH
LW LV FRQVWUDLQHG E\ WKH SRVVLEOH VKDSHV DQG ORFDWLRQV
WKDW D 97$ FDQ KDYH EDVHG RQ D JLYHQ ELRSK\VLFDO
PRGHO 7KH SURSRVHG VROXWLRQ FRQVLVWV RI D PDFKLQH
OHDUQLQJ WHFKQLTXH WKDW XVHV D FKDUDFWHUL]DWLRQ RI WKH 97$
WKURXJK HOOLSVHV DQG DSSUR[LPDWLRQ E\ QHDUHVW QHLJKERUV
WR HVWLPDWH WKH WDUJHW RU GHIRUPHG 97$
'NNKRUG DCUGF EJCTCEVGTK\CVKQP QH VJG 86#
,Q WKLV VWDJH ZH XVH DQ HOOLSVH EDVHG FKDUDFWHUL]DWLRQ WR
UHSUHVHQW DQG PDQLSXODWH WKH 97$ IROORZLQJ WKH DSSURDFK
ȌUVW H[SORUHG LQ >@ 7KH 97$ LV UHSUHVHQWHG E\ D VHW RI
FKDUDFWHULVWLFV WKDW FRUUHVSRQG WR WKH FHQWHUV [o1, o2]
DQG WKH D[HV OHQJWKV [a1, a2] DQG [b1, b2] RI WZR HOOLSVHV
DV VKRZQ LQ )LJXUH E 7KH FHQWHUV DQG D[HV OHQJWKV
RI WKH HOOLSVHV DUH PHDVXUHG ZLWK UHVSHFW WR D UHIHUHQFH
IUDPH ZLWK RULJLQ LQ WKH HOHFWURGH WLS :KHQ WKH 97$
FDQ EH FKDUDFWHULVHG E\ D VLQJOH HOOLSVH HJ RQO\ RQH
FRQWDFW LV DFWLYH WKHQ o1 = o2 a1 = a2 DQG
b1 = b2 6R WKH LQSXW WR WKH GHIRUPDWLRQ DOJRULWKP
LV D YHFWRU z = [o1, o2, a1, a2, b1, b2] WKDW FRQWDLQV WKH
JHRPHWULFDO SDUDPHWHUV RI WZR HOOLSVHV 7KH XVH RI VXFK
VLPSOH JHRPHWULF IRUPV LV LQWHQGHG WR DOORZ DQ LQWXLWLYH
PDQLSXODWLRQ RI WKH 97$ E\ D PHGLFDO VSHFLDOLVW IDPLOLDU
ZLWK FRPPRQ 97$ JUDSKLFDO UHSUHVHQWDWLRQV > @
86# FGHQTOCVKQP OGVJQF
*LYHQ DQ LQSXW YHFWRU z∗ WKDW FRQWDLQV WKH JHRPHWULFDO
SDUDPHWHUV RI D SDLU RI HOOLSVHV UHSUHVHQWLQJ D WDUJHW 97$
DQG D GDWDVHW RI N 97$V X ∈ RN×P , D QHZ 97$

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)LJXUH  7KH PDLQ VNHWFK RI WKH LQWURGXFHG PDFKLQH OHDUQLQJ DSSURDFK WR VXSSRUW '%6 SURJUDPPLQJ D ,QSXWV 7KH GHVLUHG SXOVH
ZLGWK YDOXH ω [µs] DQG DQ HOOLSVHEDVHG UHSUHVHQWDWLRQ RI WKH WDUJHW 97$ E 'HIRUPDWLRQ DQG SDUDPHWHU HVWLPDWLRQ $ .11EDVHG
GHIRUPDWLRQ LV DSSOLHG WR REWDLQ D ELRSK\VLFDOO\ FRPSOLDQW DQG ELQDU\ FRGHG 97$ 1H[W D &.$EDVHG SURMHFWLRQ LV FDUULHG RXW WR
UHYHDO UHOHYDQW IHDWXUHV UHJDUGLQJ '%6 SDUDPHWHU YDULDWLRQV 7KHQ D 690 UHJUHVVRU DQG D 690 FODVVLȌHU DUH WUDLQHG WR FRPSXWH
WKH '%6 SDUDPHWHUV F 2XWSXWV $PSOLWXGH YDOXHA [V ] DQG HOHFWURGH FRQWDFW VWDWHV c0, c1, c2, c3 ∈ {0,−1, 1}. 7KH DFKLHYHG '%6
VHWXS LV HYDOXDWHG E\ HVWLPDWLQJ LWV FRUUHVSRQGLQJ 97$
 
 
D
 
 
E
)LJXUH  97$ UHSUHVHQWDWLRQ D 5HSUHVHQWDWLRQ RI DQ D[RQDO
ȌHOG EXLOW LQ WKH YLFLQLW\ RI D '%6 HOHFWURGH 0HGWURQLFV HOHFWURGH
 7KH 97$ LV GHȌQHG E\ WKH VSDWLDO GLVWULEXWLRQ RI WKH D[RQV
DFWLYDWHG E\ WKH GHOLYHUHG VWLPXOXV JUHHQ GRWV E
(OOLSVHEDVHG FKDUDFWHUL]DWLRQ RI WKH 97$ 7KH LQSXW WR WKH
GHIRUPDWLRQ VWDJH LV D 97$ UHSUHVHQWHG WKURXJK D VHW RI
FKDUDFWHULVWLFV RI WZR HOOLSVHV WKHLU FHQWHUV [o1, o2] DQG WKHLU
D[HV OHQJWKV [a1, a2] DQG [b1, b2]
x∗ ∈ {0, 1}P FDQ EH DSSUR[LPDWHG WKURXJK D ZHLJKWHG
DYHUDJH (TXDWLRQ  DV IROORZV
x′ =
∑
x ∈ Ωx
λkxk, ∀xk ∈ Ωx, 
ZKHUH Ωx LV D VHW FRQWDLQLQJ WKH K QHDUHVW QHLJKERUV RI
z∗ LQ Z = f(X) DQG λk ∈ R+ k ∈ {1, . . . ,K} 7KH
IXQFWLRQ f(·) FKDUDFWHULVHV HYHU\ ELQDU\ 97$ YHFWRU x LQX
LQ WHUPV RI LWV DVVRFLDWHG HOOLSVH EDVHG UHSUHVHQWDWLRQ z
7KH QHLJKERUKRRG Ωx (TXDWLRQ  LV GHȌQHG DV
Ωx = {xk : κZ(z, zk) ≤ κZ(z, zK)}, 
ZKHUH zK LV WKH KWK QHLJKERU RI z∗ LQ Z DFFRUGLQJ WR D
*DXVVLDQ NHUQHO κZ(·, ·) (TXDWLRQ 
κZ(zi, zj) = exp
(
−
d2e(zi, zj)
2σ2
Z
)
, 
ZKHUH QRWDWLRQ de(·, ·) VWDQGV IRU WKH (XFOLGHDQ GLVWDQFH
DQG σZ ∈ R+ 7KH NHUQHO EDQGZLGWK ZDV Ȍ[HG DV
σZ = med(de(zi, zj)) ZKHUH med(·) VWDQGV IRU WKH
PHGLDQ RSHUDWRU 7KH *DXVVLDQ NHUQHO ZDV VHOHFWHG
EHFDXVH RI LWV UHSUHVHQWDWLRQ FDSDFLW\
7R DVVHV WKH UHODWLYH LPSRUWDQFH RI zk D VRIWPD[
JDWLQJ IXQFWLRQ LV XVHG WR HVWLPDWH λk (TXDWLRQ 
λk =
κZ(z
∗, zk)∑
zj ∈ Ωz
κZ(z∗, zj)
, 
ZKHUHΩz LV WKH VHW FRQWDLQLQJ WKH FRUUHVSRQGLQJ HOHPHQWV
RI Ωx LQ WKH HOOLSVHEDVHG UHSUHVHQWDWLRQ VSDFH )LQDOO\ D

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WKUHVKROGLQJ SURFHGXUH (µ ∈ [0, 1]) LV DSSOLHG WR HVWLPDWH
WKH QHZ ELQDU\ 97$ x∗ (TXDWLRQ  DV
x∗ =
{
1 x′ > µ
0 RWKHUZLVH . 
)LJXUH  RXWOLQHV WKHPDLQ VWHSV UHTXLUHG WR LPSOHPHQW WKH
DERYH GHVFULEHG PHWKRG 7KLV DSSURDFK DOORZV HVWLPDWLQJ
D WDUJHW 97$ ZKRVH FKDUDFWHULVWLFV PDWFK WKRVH RI WKH
97$V LQ D SUHFRPSXWHG GDWDVHW ERWK LQ WHUPV RI WKHLU
PDWKHPDWLFDO UHSUHVHQWDWLRQ DQG ELRSK\VLFDO EHKDYLRU
7KH GHIRUPHG 97$ DQG WKH SUHFRPSXWHG GDWDVHW FDQ WKHQ
VHUYH DV LQSXWV WR WKH DOJRULWKPV IRU SDUDPHWHU HVWLPDWLRQ
 2CTCOGVGT GUVKOCVKQP
:H XVH DQ DSSURDFK EDVHG RQ NHUQHO PHWKRGV WR HVWLPDWH
WKH FRQȌJXUDWLRQ RI VWLPXODWLRQ SDUDPHWHUV WKDW JHQHUDWHV
WKH 97$ FORVHVW WR WKH WDUJHW YROXPH )LJXUH  RXWOLQHV
RXU DSSURDFK ,W HPSOR\V &HQWHUHG .HUQHO $OLJQPHQW
&.$ WR PDS WKH WDUJHW 97$ WR D ORZHU GLPHQVLRQDO
VSDFH ZKHUH WKH 97$ FKDUDFWHULVWLFV WKDW EHWWHU DOORZ
SUHGLFWLQJ WKH SDUDPHWHUV WKDW FRXOG KDYH JHQHUDWHG
WKH WDUJHW YROXPH DUH KLJKOLJKWHG 7KHQ LW HPSOR\V
UHJUHVVLRQ DQG FODVVLȌFDWLRQ 6XSSRUW 9HFWRU 0DFKLQHV
690V DOJRULWKPV WR ȌQG WKH VWLPXODWLRQ SDUDPHWHUV
IROORZLQJ WKH UHVWULFWLRQV LPSRVHG E\ WKH '%6 V\VWHP
%-#DCUGF FCVC RTQLGEVKQP
&.$ DOORZV TXDQWLI\LQJ WKH VLPLODULW\ EHWZHHQ WZR VDPSOH
VSDFHV VXFK DV WKH 97$V DQG WKH '%6 SDUDPHWHUV
E\ FRPSDULQJ WZR FKDUDFWHUL]LQJ NHUQHO IXQFWLRQV >@
3URYLGHG D 97$ GDWDVHW X ∈ RN×P  DQG WKH
FRUUHVSRQGLQJ '%6 SDUDPHWHUV Y ∈ RN×Q−1 DQG
ω ∈ RN  ZH GHȌQH WZR *DXVVLDQ NHUQHO PDWULFHV
KX ∈ R
N×N DQG KY′ ∈ RN×N  7KH ȌUVW PDWUL[
KROGV HOHPHQWV kXij = κX(xi,xj) ZLWK xi, xj ∈ X
ZKLOH WKH VHFRQG PDWUL[ KDV HOHPHQWV kY′ij = κY′(y′i,y′j)
ZLWK y′i, y′j ∈ Y′ Y′ = {Y,ω} ∈ RN×Q 7KH &.$DOLJQPHQW FDQ EH HVWLPDWHG DV (TXDWLRQ 
ρˆ
(
K¯X, K¯Y′
)
=
⟨K¯X, K¯Y′⟩6
(⟨K¯X, K¯X⟩6⟨K¯Y′ , K¯Y′⟩6)1/2
, 
ZKHUH K¯ VWDQGV IRU WKH FHQWHUHG NHUQHO PDWUL[K REWDLQHG
DV K¯ = I˜KI˜ ZKHUH I˜ = I− 1⊤1/N LV WKH HPSLULFDO
FHQWHULQJ PDWUL[ I ∈ RN×N LV WKH LGHQWLW\ PDWUL[
1 ∈ RN LV DQ DOORQHV YHFWRU DQG ⟨K¯α, K¯β⟩6 =√
Tr(K¯αK¯Tβ ) GHQRWHV WKH PDWUL[EDVHG )UREHQLXV QRUP
)RU WKH *DXVVLDQ NHUQHO κY′ WKH SDLUZLVH FRPSDULVRQ
EHWZHHQ VDPSOHV y′n DQG y′m LV SHUIRUPHG XVLQJ WKH(XFOLGHDQ GLVWDQFH RSHUDWRU de(·, ·) ZKLOH IRU κX WKH
0DKDODQRELV GLVWDQFH (TXDWLRQ  LV VHOHFWHG 1DPHO\ WKH
GLVWDQFH IXQFWLRQ RI κX LV Ȍ[HG DV
d2
Γ
(xi,xj) = (xi − xj)ΓΓ
⊤ (xi − xj)
⊤ 
ZKHUH Γ ∈ RP×M  ZLWK M < P  LV D OLQHDU SURMHFWLRQ
PDWUL[ DQG ΓΓ⊤ LV WKH FRUUHVSRQGLQJ LQYHUVH FRYDULDQFH
PDWUL[ 7KHQ WKH SURMHFWLRQ PDWUL[ Γ LV FRPSXWHG E\
VROYLQJ WKH IROORZLQJ RSWLPL]DWLRQ SUREOHP (TXDWLRQ 
Γˆ = argmax
Γ
log
(
ρˆ
(
K¯X, K¯Y′ ;Γ
))
, 
ZKHUH WKH ORJDULWKP IXQFWLRQ LV XVHG IRU PDWKHPDWLFDO
FRQYHQLHQFH $IWHU HVWLPDWLQJ Γˆ ZH XVH LW WR OLQHDUO\ PDS
x∗ ∈ {0, 1}P WR D ORZHUGLPHQVLRQDO VSDFH (TXDWLRQ 
x∗
Γ
= x∗Γ, x∗
Γ
∈ RM . 
7KLV PDSSLQJ IDFLOLWDWHV WKH HVWLPDWLRQ RI WKH '%6
SDUDPHWHUV DQG GHFUHDVHV FRPSXWDWLRQDO WLPH RI WKH
HVWLPDWLRQ SURFHVV
2CTCOGVGT GUVKOCVKQP CNIQTKVJOU
7KH PDSSHG 97$ x∗Γ ∈ RM LV WKHQ FRQFDWHQDWHG ZLWK WKHLQIRUPDWLRQ SURYLGHG E\ WKH HOOLSVHEDVHG FKDUDFWHUL]DWLRQ
RI WKH 97$ z∗ DQG WKH SXOVHZLGWK YDOXHω GHWHUPLQHG E\ WKH
VSHFLDOLVW WR IRUP WKH LQSXW YHFWRU v∗ = [z∗,x∗
Γ
, ω] ∈ RL
ZLWK L < P  7KH ω YDOXH LV DGGHG WR WKH LQSXW YHFWRU
WR DYRLG WKH LOOFRQGLWLRQLQJ RI WKH SDUDPHWHU HVWLPDWLRQ
SUREOHP WKDW LV WKH IDFW WKDW GLIIHUHQW VHWV RI VWLPXODWLRQ
SDUDPHWHUV FDQ OHDG WR WKH VDPH 97$ 6XFK FRQVWUDLQWV RQ
ω KDYH DOVR EHHQ LQFOXGHG LQ RWKHU SDUDPHWHU HVWLPDWLRQ
DSSURDFKHV >@ 1H[W WKH SURSRVHG IUDPHZRUN XVHV WZR
NHUQHO PDFKLQHV WR HVWLPDWH WKH DSSURSULDWH DPSOLWXGH
DQG HOHFWURGH FRQWDFWV FRQȌJXUDWLRQ PD[LPXP WZR DFWLYH
FRQWDFWV DW D WLPH IRU v∗ $ 690 UHJUHVVRU LV XVHG WR
PRGHO WKH DPSOLWXGH ZKLOH WKH VWDWH RI HDFK HOHFWURGH
FRQWDFW LV PRGHOHG E\ DQ 690 FODVVLȌHU WKURXJK D RQH
YHUVXV WKH UHVW VFKHPH >@
*LYHQ X Y DQG ω ZH GHȌQH V = [Z,XΓ,ω] ∈ RN×L
ZLWK XΓ = XΓ ∈ RN×M  )URP Y ZH H[WUDFW D YHFWRU
ψR ∈ RN DQG D PDWUL[ ΨC ∈ {−1, 0, 1}N×4 KROGLQJ
WKH DPSOLWXGH YDOXHV DQG WKH FRQWDFWV FRQȌJXUDWLRQ
UHVSHFWLYHO\ 1H[W ZH EXLOG WZR IXQFWLRQV WKH ȌUVW
IXQFWLRQ fR:RM→R HVWLPDWHV WKH DPSOLWXGH SDUDPHWHU
ψRi ∈ R LQ ψR DV ψˆRi = fR(vi) = φR(vi)w+b ZKHUH
w ∈ RMR , b ∈ R, DQG φR:RM→RMR  7KHQ D VXSSRUW
YHFWRU UHJUHVVLRQ RSWLPL]DWLRQ SUREOHP (TXDWLRQ  FDQ
EH GHȌQHG DV IROORZV
w∗, b∗ = argmin
w,b
1
2
∥w∥2 + γR
N∑
i=1
ς(ui), 
ZKHUH γR ∈ R+ LV D UHJXODUL]DWLRQ SDUDPHWHU
ui = ψ
R
i −ψˆ
R
i  DQG ς(ui) = (u−ϵ)2 LI ui≥ϵ RWKHUZLVH
ς(ui) = 0 ϵ ∈ R+

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)LJXUH  2XWOLQH RI WKH SURSRVHG 97$ GHIRUPDWLRQ PHWKRG *LYHQ D SDLU RI HOOLSVHV UHSUHVHQWLQJ D GHVLUHG 97$ z∗ D 97$ GDWDVHWX
LV PDSSHG WR WKH HOOLSVH EDVHG UHSUHVHQWDWLRQ VSDFH WKURXJK WKH PDSSLQJ IXQFWLRQ f(·) WR REWDLQ WKH IHDWXUH VSDFH Z 1H[W WKH
*DXVVLDQ VLPLODULW\ EHWZHHQ z∗ DQG HYHU\ HOHPHQW RI Z LV FRPSXWHG WR GHWHUPLQH ZKLFK HOOLSVHV LQ Z DUH WKH FORVHVW WR WKH QHZ SDLU
RI HOOLSVHV )LQDOO\ D QHZ ELQDU\ 97$ x∗ LV REWDLQHG WKURXJK D .QHDUHVW QHLJKERUV DSSUR[LPDWLRQ WKDW LV D ZHLJKWHG DYHUDJH RI WKH
97$V LQX FRUUHVSRQGLQJ WR WKHK HOOLSVHV LQ Z FORVHVW WR z∗
5HJDUGLQJ WKH VHFRQG IXQFWLRQ fC :RM→{−1, 0, 1},
ZKLFK DOORZV FRPSXWLQJ WKH '%6 FRQWDFW FRQȌJXUDWLRQ
YHFWRU ψCi ∈ {−1, 0, 1}4 LQ ΨC  ZH EXLOW D VRIW PDUJLQVXSSRUW YHFWRU FODVVLȌHU RYHU V WR FRPSXWH WKH rWK
FRQWDFW YDOXH DV (TXDWLRQ 
ψˆCir = f
C
r (vi) =
N∑
j=1
ϱrjψ
C
jrκv(vi,vj) + ar, 
ZKHUH ϱrj ∈ R LV WKH ZHLJKW RI WUDLQLQJ VDPSOH j IRU WKH
rWK FODVVLȌHU DQG ar ∈ R LV D ELDV WHUP >@
 'ZRGTKOGPVU CPF XCNKFCVKQP UEJGOG
7R HYDOXDWH WKH SHUIRUPDQFH RI WKH SURSRVHGPHWKRGRORJ\
ZH EXLOW VL[ 97$V GDWDVHWV HDFK RQH JHQHUDWHG E\ 1, 000
SVHXGRUDQGRPO\ VHOHFWHG FRPELQDWLRQV RI FRPPRQO\
XVHG VWLPXODWLRQ SDUDPHWHUV IRU WKH 0HGWURQLF $&7,9$5&
VWLPXODWRU > @ :H OLPLWHG WKH '%6 VWLPXODWLRQ
SDUDPHWHU VSDFH DV IROORZV D PD[LPXP RI WZR HOHFWURGH
FRQWDFWV ZHUH FRQVLGHUHG VLPXOWDQHRXVO\ DFWLYH LH
PRQRSRODU RQH DFWLYH FRQWDFW DQG ELSRODU WZR DFWLYH
FRQWDFWV FRQȌJXUDWLRQV 7KH HOHFWULF SRWHQWLDOV RI HDFK
GDWDVHW ZHUH JHQHUDWHG IRU 200PRQRSRODU DQG 800 ELSRODU
VWLPXODWLRQ FRQȌJXUDWLRQV ZLWK D VHW IUHTXHQF\ RI 130
+] )LQDOO\ WKH DPSOLWXGH ZDV UHVWULFWHG WR WKH UDQJH
A ∈ [0.5, 5.5] 9 LQ VWHSV RI 0.5 9 DQG WKH SXOVHZLGWK WR
ω ∈ [60, 450] µV LQ VWHSV RI 30 µV
7R VLPXODWH WKH HOHFWULF SRWHQWLDO JHQHUDWHG E\ HDFK
FRPELQDWLRQ RI VWLPXODWLRQ SDUDPHWHUV LQ WKH GDWDVHWV ZH
PRGHOHG WKH EUDLQ WLVVXH DV D FXEH RI OHQJWK  FP DQG
SRVLWLRQHG D ' PRGHO RI D FOLQLFDO HOHFWURGH 0HGWURQLF
'%6  HOHFWURGH >@ LQ WKH PLGGOH RI LW )RU KDOI
RI WKH GDWDVHWV ZH DVVXPHG DQ LVRWURSLF EXON WLVVXH
FRQGXFWLYLW\ RI 0.2 6P−1 )RU WKH RWKHU KDOI ZH XVHG
GLIIXVLRQ WHQVRUEDVHG FRQGXFWLYLWLHV WR PRGHO DQLVRWURSLF
FRQGLWLRQV LQ WKH EDVDO JDQJOLD UHJLRQ >  @ :H
DOVR LQFOXGHG D UHSUHVHQWDWLRQ RI D  PP HQFDSVXODWLRQ
OD\HU DURXQG WKH HOHFWURGH DQG VHW LWV FRQGXFWLYLW\ WR WKUHH
GLIIHUHQW YDOXHV 0.680 6P−1 0.128 6P−1 0.066 6P−1
WR UHSUHVHQW ORZ ∼ 500 Ω PHGLXP ∼ 1, 000 Ω DQG
KLJK ∼ 1, 500 Ω LPSHGDQFH FRQGLWLRQV > @ (DFK RI
WKH WKUHH GDWDVHWV EXLOW SHU EXON EUDLQ WLVVXH FRQGXFWLYLW\
FRQGLWLRQ FRUUHVSRQGV WR D GLIIHUHQW FRQGXFWLYLW\ YDOXH
IRU WKH HQFDSVXODWLRQ OD\HU 7KH PRGHO DOVR LQWHJUDWHG
D YROWDJH GURS RI  DW WKH HOHFWURGHWLVVXH LQWHUIDFH
:H XVHG WKH VDPH ERXQGDU\ FRQGLWLRQV DV LQ >@ DQG >"
@ WR PRGHO WKH DFWLYH FRQWDFWV RI WKH HOHFWURGH DQG WKH
JURXQG $IWHUZDUGV ZH XVHG WKH ȌQLWH HOHPHQW PHWKRG
)(0  >@ VRIWZDUH &2062/ 0XOWLSK\VLFV  WR REWDLQ
WKH HOHFWULF SRWHQWLDO GLVWULEXWLRQ LQ WKH EUDLQ WLVVXH PRGHO
IRU D SDUWLFXODU FRPELQDWLRQ RI VWLPXODWLRQ SDUDPHWHUV E\
VROYLQJ WKH 3RLVVRQǢV HTXDWLRQ
7KHQ WR VLPXODWH WKH QHXUDO UHVSRQVH WR WKH VWLPXODWLRQ
IRU WKH LVRWURSLF FDVH WKH HOHFWULF SRWHQWLDO ZDV
LQWHUSRODWHG RQWR HDFK VHFWLRQ RI D ȌHOG RI 4, 144

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)LJXUH 0DLQ VFKHPH RI WKH '%6 SDUDPHWHU HVWLPDWLRQ DSSURDFK EDVHG RQ NHUQHO PHWKRGV *LYHQ D ORZGLPHQVLRQDO 97$ REWDLQHG
E\ &.$ WKH HOOLSVH EDVHG UHSUHVHQWDWLRQ RI VDLG 97$ DQG D SXOVH ZLGWK YDOXH ω WKH VWLPXODWLRQ SDUDPHWHUV IRU WKH WDUJHW YROXPH
DUH FRPSXWHG WKURXJK ȌYH 690V RQH UHJUHVVLRQ IRU WKH DPSOLWXGH DQG IRXU LQGHSHQGHQW FODVVLȌHUV IRU WKH VWDWH RI HDFK HOHFWURGH
FRQWDFW
PXOWLFRPSDUWPHQW D[RQ PRGHOV RI GLDPHWHU 5.7 µP
ZKLFK ZHUH RULHQWHG SHUSHQGLFXODUO\ WR WKH D[LV RI WKH
HOHFWURGH DQG SRVLWLRQHG LQWR D JULG RI ZLGWK 9 PP
KHLJKW 27.75 PP DQG LQWHUD[RQDO VSDFH 0.25 PP LQ
ERWK WKH YHUWLFDO DQG WKH KRUL]RQWDO GLUHFWLRQV >@ )RU
WKH DQLVRWURSLF FDVH WKH ȌHOG FRQVLVWHG RI 8, 112 D[RQ
PRGHOV RULHQWHG LQ IRXU GLIIHUHQW GLUHFWLRQV SHUSHQGLFXODU
WR HOHFWURGH D[LV ZLWK DQ LQWHUD[RQDO VSDFLQJ RI 0.5 PP
7KH UHVSRQVH RI WKH D[RQV WR WKH VWLPXODWLQJ SRWHQWLDOV
GHȌQHG HDFK 97$ D[RQV WKDW ȌUHG DQ DFWLRQ SRWHQWLDO
SHU VWLPXODWLRQ SXOVH ZHUH FRQVLGHUHG DFWLYH DQG WKHLU
SRVLWLRQV LQ VSDFH VKDSHG WKH 97$ >@ $OO WKH D[RQDO
UHVSRQVH VLPXODWLRQV ZHUH LPSOHPHQWHG LQ 1(8521 
FRQȌJXUHG DV D 3\WKRQ PRGXOH >@
)LQDOO\ WR DVVHV WKH SHUIRUPDQFH RI WKH SURSRVHG
PHWKRGRORJ\ ZH FKDUDFWHUL]HG HDFK 97$ LQ WKH GDWDVHWV
LQ WHUPV RI WKHLU HOOLSVH EDVHG UHSUHVHQWDWLRQ 7KHVH
HOOLSVHV DQG WKHLU DVVRFLDWHG SXOVH ZLGWKV ZHUH XVHG
DV LQSXWV WR WKH PDFKLQH OHDUQLQJ DOJRULWKPV 7KH &.$
RSWLPL]DWLRQ SUREOHP HTXDWLRQ  ZDV VROYHG WKURXJK
LWHUDWLYH JUDGLHQW GHVFHQW RSWLPL]DWLRQ 7KH VXSSRUW
YHFWRU UHJUHVVLRQ RSWLPL]DWLRQ SUREOHP HTXDWLRQ  DQG
HDFK FODVVLȌHU HTXDWLRQ  ZHUH VROYHG E\ TXDGUDWLF
RSWLPL]DWLRQ IURP WKH ZHOONQRZQ 690 GXDO IRUPXODWLRQ
>@ 7KH SDUDPHWHUV RI WKHVH DOJRULWKPV ZHUH VHOHFWHG
WKURXJK QHVWHG FURVVYDOLGDWLRQ 7KHQ WKH UHWXUQHG '%6
SDUDPHWHUV ZHUH XVHG WR HVWLPDWH QHZ 97$V WKURXJK WKH
PHWKRGRORJ\ GHVFULEHG LQ >@ /DVWO\ WKH QHZ 97$V ZHUH
GLUHFWO\ FRPSDUHG ZLWK WKH FRUUHVSRQGLQJ UHIHUHQFH 97$V
LQ WKH GDWDVHWV WKURXJK WKH HUURU PHWULF (TXDWLRQ 
LQWURGXFHG LQ >@
error =
FP + FN
AA
, 
ZKHUH FP DQG FN DUH WKH IDOVH SRVLWLYHV DQG IDOVH
QHJDWLYHV ZLWK UHVSHFW WR WKH UHIHUHQFH 97$ DQG AA
LV WKH UHIHUHQFH QXPEHU RI DFWLYH D[RQV :H FKRVH
WKLV HYDOXDWLRQ DSSURDFK EHFDXVH WKH ȌQDO DLP RI RXU
PHWKRGRORJ\ LV WR HVWLPDWH D VHW RI SDUDPHWHUV WKDW ZRXOG
JHQHUDWH D 97$ DV FORVH DV SRVVLEOH WR WKH WDUJHW YROXPH
$OVR ZH FKRVH D VLPSOLȌHG 97$ HVWLPDWLRQ PHWKRG IRU
WKH ODVW SDUW RI WKH YDOLGDWLRQ VFKHPH LQVWHDG RI WKH JROG
VWDQGDUG EHFDXVH DQ\ SUDFWLFDO DSSOLFDWLRQ ZRXOG UHTXLUH
D IDVW FRPSXWDWLRQ RI WKH 97$ JHQHUDWHG E\ WKH HVWLPDWHG
SDUDPHWHUV WKDW PD\ GLIIHU VOLJKWO\ IURP WKH GHȌQHG
WDUJHW DQG WKH JROG VWDQGDUG LV WRR FRPSXWDWLRQDOO\
LQWHQVLYH IRU WKDW SXUSRVH ,W LV LPSRUWDQW WR QRWH
WKDW DQ\ RWKHU IDVW 97$ FRPSXWDWLRQ PHWKRG RI VLPLODU
SHUIRUPDQFH VXFK DV WKH RQH LQ >@ FRXOG KDYH EHHQ XVHG
DV SDUW RI WKH YDOLGDWLRQ VFKHPH $GGLWLRQDOO\ ZH FDUULHG
RXW WHVWV WR HYDOXDWH WKH SHUIRUPDQFH RI WKH PDFKLQH
OHDUQLQJ DOJRULWKPV LQ WKH GLIIHUHQW VWDJHV RI WKH SURSRVHG
PHWKRGRORJ\ HJ WKH SUHFLVLRQ LQ WKH HVWLPDWLRQ RI WKH
VWLPXODWLRQ SDUDPHWHUV E\ WKH 690V $OO H[SHULPHQWV
ZHUH LPSOHPHQWHG LQ 0DWODE 5D IROORZLQJ D QHVWHG
FURVVYDOLGDWLRQ VFKHPHZLWK  UHSHWLWLRQV ZKHUH 70% RI
WKH VDPSOHV ZHUH XVHG DV D WUDLQLQJ VHW DQG WKH UHPDLQLQJ
30 % DV D WHVW VHW $FFRUGLQJ WR WKH QHVWHG VFKHPH
WKH IUHH SDUDPHWHUV RI WKH DOJRULWKPV ZHUH WXQHG XVLQJ
80 % − 20 % IROG FURVVYDOLGDWLRQ RYHU WKH WUDLQLQJ
VHW IRU HDFK RI WKH PDLQ UHSHWLWLRQV )LQDOO\ LQ RUGHU
WR VWXG\ LI WKHUH DUH VWDWLVWLFDOO\ VLJQLȌFDQW GLIIHUHQFHV LQ
WKH SHUIRUPDQFH RI WKH SURSRVHG PHWKRG UHJDUGLQJ WKH
LPSHGDQFH DQG FRQGXFWLYLW\ FRQGLWLRQV WHVWHG ZH XVHG WKH
.UXVNDO:DOOLV WHVW RYHU WKH HUURU GLVWULEXWLRQV REWDLQHG
IURP WKH FURVVYDOLGDWLRQ VFKHPH ,I WKH QXOO K\SRWKHVLV
IRU HTXDO PHGLDQV LV UHMHFWHG ZH SHUIRUPHG PXOWLSOH
FRPSDULVRQ WHVWV XVLQJ WKH 7XNH\.UDPHU VFKHPH >@ $OO
VLJQLȌFDQFH OHYHOV ZHUH PHDVXUHG DW 

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 4GUWNVU
 86# FGHQTOCVKQP
7KH ȌUVW VWDJH RI WKH SURSRVHG PHWKRGRORJ\ UHVLGHV
LQ WKH 97$ GHIRUPDWLRQ IURP D VHW RI HOOLSVHV DQG WKHLU
DVVRFLDWHG SDUDPHWHUV ,Q WXUQ WKH IUHH SDUDPHWHUV RI WKH
DOJRULWKP WKH QXPEHU RI QHLJKERUV K DQG WKH WKUHVKROG
µ ZHUH WXQHG WKURXJK D IROG JULG VHDUFK LQ WKH UDQJHV
K = [1, 99] DQG µ = [0, 1] DLPLQJ IRU WKH FRPELQDWLRQ RI
SDUDPHWHUV WKDW JHQHUDWHG WKH VPDOOHVW HUURU 7KDW LV
WKH VPDOOHVW HUURU EHWZHHQ WKH GHIRUPHG 97$V REWDLQHG
IURP WKH HOOLSVH EDVHG FKDUDFWHUL]DWLRQ RI WKH GDWDVHWV
DQG WKH UHIHUHQFH 97$V )LJXUH  VKRZV WKH DYHUDJH
HUURU VXUIDFH REWDLQHG LQ IXQFWLRQ RI K DQG µ IRU WKH 97$
GHIRUPDWLRQ DOJRULWKP LQ WKH LVRWURSLF )LJXUH D DQG
DQLVRWURSLF )LJXUH E FRQGLWLRQV IRU DQ LPSHGDQFH RI
1, 000 Ω )RU ERWK FRQGXFWLYLW\ FRQGLWLRQV LW ZDV IRXQG
WKDW WKH FRPELQDWLRQ RI SDUDPHWHUV WKDW JHQHUDWHG WKH
VPDOOHVW HUURU ZHUH K = 3 \ µ = 0.4 7KH EHKDYLRU
RI WKHVH HUURU VXUIDFHV ZLWK UHVSHFW WR WKH QXPEHU RI
QHLJKERUV K LQGLFDWHV VPRRWK YDULDWLRQV DPRQJ 97$V
VLQFH VPDOO QHLJKERUKRRGV \LHOG WKH VPDOOHVW HUURUV WKH
VDPH EHKDYLRU ZDV REVHUYHG IRU WKH UHPDLQLQJ LPSHGDQFH
YDOXHV
2QFH WKH SDUDPHWHUV RI WKH DOJRULWKP ZHUH WXQHG LWV
SHUIRUPDQFH ZDV HYDOXDWHG IRU HDFK LPSHGDQFH YDOXH DQG
FRQGXFWLYLW\ FRQGLWLRQ )LJXUH  VKRZV WKH HUURUV REWDLQHG
2YHUDOO WKH SHUIRUPDQFH RI WKH GHIRUPDWLRQ DOJRULWKP
LV QRW VLJQLȌFDQWO\ DIIHFWHG E\ WKH LPSHGDQFH YDOXH
H[FHSW IRU ORZ LPSHGDQFH LQ WKH DQLVRWURSLF FRQGLWLRQ
1DPHO\ IRU WKH DQLVRWURSLF FRQGLWLRQ WKH SDLUZLVH
VWDWLVWLFDO FRPSDULVRQ RI WKH REWDLQHG HUURU GLVWULEXWLRQV
IRU ORZPHGLXP ORZKLJK DQG PHGLXPKLJK LPSHGDQFHV
\LHOGV SYDOXHV RI  H DQG  UHVSHFWLYHO\
:KLOH IRU WKH LVRWURSLF FRQGLWLRQ DQ DQDORJRXV DQDO\VLV
\LHOGV SYDOXHV RI   DQG  2Q WKH RWKHU
KDQG D QRWRULRXV GLIIHUHQFH EHWZHHQ WKH HUURU OHYHOV
LQ WKH LVRWURSLF DQG DQLVRWURSLF FRQGLWLRQV LV REVHUYHG
ZLWK WKH ODWWHU GRXEOLQJ WKRVH RI WKH IRUPHU +RZHYHU
HYHQ IRU WKDW FRQGLWLRQ WKH HUURU UHPDLQV ORZ 7KHVH
ORZ HUURU OHYHOV LQGLFDWH WKDW WKH SURSRVHG GHIRUPDWLRQ
PHWKRG DOORZV IRU D VDWLVIDFWRU\ UHFRQVWUXFWLRQ EDVHG RQ
D ELQDU\ UHSUHVHQWDWLRQ IURP WKH SDUDPHWHUV RI D VHW RI
HOOLSVHV >@ IROORZLQJ WKH UHVWULFWLRQV LPSRVHG E\ WKH
WLVVXH DQG E\ WKH VWLPXODWLRQ V\VWHP $OVR WKH PHWKRG
DFKLHYHV WKH ODWWHU E\ HVWLPDWLQJ D QHZ 97$ IURP D VHW RI
SUHFRPSXWHG 97$V WKURXJK D ZHLJKWHG DYHUDJH 7KXV WKH
QHZ 97$ LQKHULWV WKH SURSHUWLHV RI WKH QHLJKERULQJ 97$V
XQGHU WKH DVVXPSWLRQ RI VPRRWK YDULDWLRQV DPRQJ WKH
WKHRUHWLFDOO\ SRVVLEOH VKDSHV WKDW WKH 97$ FDQ KROG
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)LJXUH  $YHUDJH HUURU LQ WKH GHIRUPDWLRQ RI WKH 97$ IURP D VHW
RI HOOLSVHV D ,VRWURSLF FRQGLWLRQV DQG E DQLVRWURSLF FRQGLWLRQV
IRU DQ LPSHGDQFH RI 1000 Ω 7KH HUURU YDULDQFH UHPDLQHG
UHODWLYHO\ FRQVWDQW DW DURXQG  IRU WKH LVRWURSLF FDVH DQG 
IRU WKH DQLVRWURSLF FDVH IRU WKH YDOXHV RIK DQG µ DQDO\VHG
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)LJXUH  %R[ZKLVNHU SORWV RI WKH HUURUV REWDLQHG IRU WKH
HOOLSVH EDVHG GHIRUPDWLRQ PHWKRG GLVFULPLQDWHG E\ LPSHGDQFH
YDOXH IRU WKH LVRWURSLF ERWWRP URZ DQG DQLVRWURSLF WRS URZ
FRQGLWLRQV
 2CTCOGVGT GUVKOCVKQP
)LYH LQGHSHQGHQW 690V ZHUH WUDLQHG RQH PDFKLQH IRU
UHJUHVVLRQ DPSOLWXGH DQG IRXUPDFKLQHV IRU FODVVLȌFDWLRQ

9 *µPH]2UR]FR HW DO 5HYLVWD )DFXOWDG GH ,QJHQLHU¯D 8QLYHUVLGDG GH $QWLRTXLD 1R 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FRQWDFWV VWDWH WR HVWLPDWH WKH SDUDPHWHUV RI VWLPXODWLRQ
WKDW DOORZ JHQHUDWLQJ WKH WDUJHW 97$ $V HYDOXDWLRQ PHWULFV
ZH XVHG WKH UHODWLYH HUURU IRU WKH UHJUHVVLRQ PDFKLQH DQG
WKH FODVVLȌFDWLRQ DFFXUDF\ IRU WKH FODVVLȌFDWLRQ PDFKLQHV
ZKHUH WKH UHODWLYH HUURU ZDV GHȌQHG DV WKH UDWLR RI WKH
DEVROXWH HUURU RI WKH HVWLPDWHG YDOXH RIA WR WKH WUXH YDOXH
RI A )LJXUH  VKRZV WKH UHODWLYH HUURU LQ WKH HVWLPDWLRQ
RI WKH VWLPXODWLRQ DPSOLWXGH A DQG WKH HVWLPDWLRQ
DFFXUDF\ IRU FRQWDFWV c0 WR c3 GLVFULPLQDWHG E\ LPSHGDQFH
FRQGLWLRQ DQG EUDLQ WLVVXH FRQGXFWLYLW\ LVRWURSLF D WR
F DQG DQLVRWURSLF G WR I 7KH UHODWLYH HUURU LQ
WKH HVWLPDWLRQ RI WKH DPSOLWXGH IRU WKH LVRWURSLF FRQGLWLRQ
RVFLOODWHV EHWZHHQ  DQG  )RU WKH VWDWH RI WKH
HOHFWURGH FRQWDFWV WKH HVWLPDWLRQ DFFXUDF\ LV KLJKHU
WKDQ  )RU WKH DQLVRWURSLF FRQGLWLRQ UHODWLYH HUURUV
RI DERXW  IRU WKH DPSOLWXGH DQG DFFXUDFLHV RI DERXW
 IRU WKH VWDWH RI HDFK RI WKH HOHFWURGH FRQWDFWV DUH
REWDLQHG ([FHSW IRU WKH ORZ LPSHGDQFH YDOXH ZKHUH WKH
ORZHU ERXQG RI WKH DFFXUDF\ LV DERXW  ,Q FRPSDULVRQ
ZLWK WKH LVRWURSLF FRQGLWLRQ WKHVH UHODWLYH HUURUV DUH
KLJKHU DQG WKH DFFXUDFLHV DUH HYLGHQWO\ ORZHU )RU ERWK
FRQGLWLRQV WKHUH LV DOVR DQ XSZDUG WUHQG LQ WKH PHDQ
YDOXHV RI WKH DFFXUDF\ DV WKH YDOXH RI WKH LPSHGDQFH RI
WKH HQFDSVXODWLRQ WLVVXH LQFUHDVHV ZLWK DQ DFFRPSDQ\LQJ
UHGXFWLRQ LQ WKH GLVSHUVLRQ RI WKH DFFXUDF\ GDWD IRU WKH
HVWLPDWLRQ RI WKH DFWLYDWLRQ VWDWH RI HDFK FRQWDFW
)LJXUHV D WR F VKRZ WKH QXPEHU RI VXSSRUW YHFWRUV
H[SUHVVHG DV D SHUFHQWDJH RI WKH WRWDO QXPEHU RI
HOHPHQWV RI WKH WUDLQLQJ VHW XVHG E\ WKH FODVVLȌFDWLRQ
PDFKLQHV WUDLQHG WR HVWLPDWH WKH VWDWH RI HDFK RI WKH
FRQWDFWV IRU HDFK LPSHGDQFH FRQGLWLRQ XQGHU VWXG\ LQ
WKH LVRWURSLF FRQGLWLRQ )LJXUHV G WR I VKRZ WKH
VXSSRUW YHFWRUV XVHG LQ WKH DQLVRWURSLF FRQGLWLRQ 2YHUDOO
WKH VPDOO SHUFHQWDJH RI VXSSRUW YHFWRUV SRLQWV WR WKH
IDFW WKDW WKH FODVVLȌHUV DUH QRW RYHUȌWWLQJ WKH GDWD
%HVLGHV D GRZQZDUG WUHQG LV REVHUYHG LQ WKH QXPEHU
RI YHFWRUV XVHG E\ WKH PDFKLQHV LQ WKH WUDLQLQJ DV WKH
LPSHGDQFH LQFUHDVHV ZKLFK LQGLFDWHV WKDW GLVFHUQLQJ WKH
FRQȌJXUDWLRQ RI HDFK FRQWDFW IRU ORZ LPSHGDQFH YDOXHV
ZDV PRUH FKDOOHQJLQJ IRU WKH FODVVLȌFDWLRQ 690V VLQFH
WKH SHUFHQWDJH RI VXSSRUW YHFWRUV WHQGV WR LQFUHDVH DV
WKH XQGHUO\LQJ IXQFWLRQ RU GHFLVLRQ ERXQGDU\ EHFRPHV
PRUH FRPSOH[ >@ 7KLV EHKDYLRXU DQG LQ JHQHUDO WKH
ORZHU SHUIRUPDQFH IRU ORZ LPSHGDQFH FRQGLWLRQV LV GXH
WR WKH IDFW WKDW WKH YROXPHV XQGHU WKRVH FRQGLWLRQV WHQG
WR FRYHU WKH VSDWLDO UHJLRQV DGMDFHQW WR WKH DFWLYDWHG
FRQWDFWV LQFOXGLQJ DUHDV FRUUHVSRQGLQJ WR QRQDFWLYH
FRQWDFWV DV VKRZQ LQ )LJXUH D PDNLQJ LW GLIȌFXOW WR
LGHQWLI\ WKH DFWLYDWLRQ VWDWH DQG SRODULW\ RI HDFK RI WKH
IRXU HOHFWURGHV ,Q FRQWUDVW IRU KLJK LPSHGDQFH YDOXHV
WKH H[WHQW RI WLVVXH DFWLYDWHG E\ WKH HOHFWULFDO VWLPXODWLRQ
LV UHGXFHG ZKLFK OHDGV WR FOHDUO\ VHSDUDWHG YROXPHV IRU
HDFK FRQWDFW DV VKRZQ LQ )LJXUHV E DQG F 2Q WKH
RWKHU KDQG WKH ODUJHVW HUURUV REWDLQHG IRU WKH DQLVRWURSLF
WLVVXH FRQGLWLRQ FDQ EH DWWULEXWHG WR WKH IDFW WKDW LQ WKLV
FDVH WKH DFWLYDWLRQ YROXPH SUHVHQWV UHODWLYHO\ FRPSOH[
PRUSKRORJLHV LQ FRPSDULVRQ WR WKH V\PPHWULF VKDSHV RI
WKH YROXPHV FRPSXWHG IRU WKH LVRWURSLF DVVXPSWLRQ DV
VKRZQ LQ )LJXUH G
 6GUVKPI VJG RTQRQUGF OCEJKPG NGCTPKPI
CRRTQCEJ
,Q RUGHU WR HYDOXDWH WKH SURSRVHG PHWKRGRORJ\ LQ WHUPV
RI LWV DELOLW\ WR JHQHUDWH D VHW RI SDUDPHWHUV WKDW UHVXOW
LQ D 97$ FORVH WR WKH WDUJHW RQH WKH HUURU EHWZHHQ WKH
97$V FRPSXWHG IURP WKH HVWLPDWHG SDUDPHWHUV DQG
WKH UHIHUHQFH 97$V ZDV REWDLQHG WKURXJK HTXDWLRQ 
7KH HVWLPDWLRQ RI WKH 97$V IURP WKH SDUDPHWHUV ZDV
PDGH XVLQJ D KLHUDUFKLFDO .QHDUHVW QHLJKERU +.11
DSSURDFK WKDW FRQVLVWV RI D GDWDGULYHQ DSSUR[LPDWLRQ
RI DQ H[SHFWHG VTXDUHG HUURU IXQFWLRQDO WR REWDLQ D
ORFDO ZHLJKWHG 97$ DYHUDJLQJ >@ )LJXUH  VKRZV
WKH ȌQDO UHFRQVWUXFWLRQ HUURU IRU WKH LVRWURSLF DQG
DQLVRWURSLF FDVHV UHVSHFWLYHO\ 7KH HUURU GLVWULEXWLRQV
LQYROYLQJ LQIRUPDWLRQ RI ERWK PRQRSRODU DQG ELSRODU
FRQȌJXUDWLRQV DUH LQ UDQJHV RI YDOXHV VLPLODU WR WKRVH
UHSRUWHG LQ WKH OLWHUDWXUH IRU PDFKLQH OHDUQLQJ EDVHG 97$
HVWLPDWLRQ VWUDWHJLHV WKDW VROYH RQO\ WKH WUDGLWLRQDO 97$
HVWLPDWLRQ SUREOHP > @ $OVR LQ FRQJUXHQFH ZLWK
690 SHUIRUPDQFH D VOLJKW GRZQZDUG WUHQG LV REVHUYHG
LQ WKH PHGLDQ HUURU DV WKH LPSHGDQFH YDOXH LQFUHDVHV
DQG KLJKHU HUURUV DSSHDU ZKHQ WKH FRQGXFWLYLW\ RI WKH
WLVVXH LV DVVXPHG WR EH DQLVRWURSLF ZLWK UHVSHFW WR WKH
LVRWURSLF FRQGLWLRQ GXH WR WKH JUHDWHU FRPSOH[LW\ LQ WKH
IRUP RI WKHVH DFWLYDWLRQ YROXPHV KRZHYHU WKHVH HUURUV
VWD\HG EHORZ WKRVH REWDLQHG ZLWK FRPPRQ WHFKQLTXHV
IRU WKH VROXWLRQ RI WKH GLUHFW SUREOHP VXFK DV WKH
XVH RI DFWLYDWLRQ IXQFWLRQV >@ 7DEOH  SUHVHQWV WKH
SDLUZLVH VWDWLVWLFDO FRPSDULVRQV SYDOXHV RI WKH ȌQDO
UHFRQVWUXFWLRQ HUURU GLVWULEXWLRQV IRU HDFK LPSHGDQFH DQG
FRQGXFWLYLW\ FRQGLWLRQ WHVWHG )RU DOO LPSHGDQFHV WKHUH
DUH VWDWLVWLFDOO\ VLJQLȌFDQW GLIIHUHQFHV LQ WKH SHUIRUPDQFH
RI WKH SURSRVHG PHWKRGRORJ\ EHWZHHQ WKH LVRWURSLF DQG
DQLVRWURSLF FRQGLWLRQV :LWKLQ WKH LVRWURSLF FRQGLWLRQ WKHUH
DUH QRW VWDWLVWLFDOO\ VLJQLȌFDQW GLIIHUHQFHV LQ WKH V\VWHPǢV
SHUIRUPDQFH DV D IXQFWLRQ RI WKH LPSHGDQFH WHVWHG ZKLOH
IRU WKH DQLVRWURSLF FDVH WKH V\VWHP JHQHUDWHV HUURUV WKDW
DUH VWDWLVWLFDOO\ ODUJHU IRU WKH ORZLPSHGDQFH VFHQDULR DV
FRPSDUHG WR WKH PHGLXP DQG KLJK FDVHV
)LQDOO\ RXU JURXS KDV GHYHORSHG DQ DSSOLFDWLRQ WKDW
LPSOHPHQWV WKH SURSRVHG PHWKRGRORJ\ IRU PDQLSXODWLQJ
WKH 97$ DQG REWDLQLQJ WKH FRUUHVSRQGLQJ HVWLPDWLRQ
SDUDPHWHUV WRJHWKHU ZLWK D ' YLVXDOL]DWLRQ V\VWHP RI
EUDLQ VWUXFWXUHV DQG WKH LPSODQWHG VWLPXODWLRQ HOHFWURGH
UHFRQVWUXFWHG IURP PDJQHWLF UHVRQDQFH DQG FRPSXWHG
WRPRJUDSK\ LPDJHV )LJXUH  VKRZV WKH EUDLQ VWUXFWXUHV
RI LQWHUHVW LQ '%6 IRU 3DUNLQVRQǢV GLVHDVH VXFK DV WKH

9 *µPH]2UR]FR HW DO 5HYLVWD )DFXOWDG GH ,QJHQLHU¯D 8QLYHUVLGDG GH $QWLRTXLD 1R  SS  
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)LJXUH  5HODWLYH HUURU DQG HVWLPDWLRQ DFFXUDFLHV REWDLQHG ZLWK WKH 690V IRU WKH VWLPXODWLRQ DPSOLWXGHA DQG WKH VWDWH RI WKH
HOHFWURGH FRQWDFWV c0 WR c3 UHVSHFWLYHO\ GLVFULPLQDWHG E\ LPSHGDQFH YDOXH DQG EUDLQ WLVVXH FRQGXFWLYLW\ FRQGLWLRQ LVRWURSLF WRS
URZ DQG DQLVRWURSLF ERWWRP URZ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)LJXUH  1XPEHU RI VXSSRUW YHFWRUV DV D SHUFHQWDJH RI WKH WRWDO QXPEHU RI HOHPHQWV LQ WKH WUDLQLQJ VHW VHOHFWHG LQ WKH
FODVVLȌFDWLRQ WDVN IRU HDFK RI WKH HOHFWURGH FRQWDFWV c0 WR c3 GLVFULPLQDWHG E\ LPSHGDQFH YDOXH DQG EUDLQ WLVVXH FRQGXFWLYLW\
FRQGLWLRQ LVRWURSLF WRS URZ DQG DQLVRWURSLF ERWWRP URZ

9 *µPH]2UR]FR HW DO 5HYLVWD )DFXOWDG GH ,QJHQLHU¯D 8QLYHUVLGDG GH $QWLRTXLD 1R  SS  
7DEOH  3DLUZLVH VWDWLVWLFDO FRPSDULVRQV SYDOXHV RI WKH HUURU GLVWULEXWLRQV REWDLQHG ZLWK WKH YDOLGDWLRQ VFKHPH IRU HDFK
LPSHGDQFH DQG FRQGXFWLYLW\ FRQGLWLRQ WHVWHG 7KH SYDOXHV KLJKOLJKWHG LQ EOXH UHSUHVHQW VWDWLVWLFDOO\ VLJQLȌFDQW GLIIHUHQFHV LQ WKH
SHUIRUPDQFH RI WKH SURSRVHG PHWKRGRORJ\ IRU WKH LQYROYHG FRQGLWLRQV DW D VLJQLȌFDQFH OHYHO RI 
,VRWURSLF $QLVRWURSLF
500 Ω 1, 000 Ω 1, 500 Ω 500 Ω 1, 000 Ω 1, 500 Ω
500 Ω Ǟ   H H H
1, 000 Ω  Ǟ  H H H,VRWURSLF
1, 500 Ω   Ǟ H H H
500 Ω H H H Ǟ  
1, 000 Ω H H H  Ǟ $QLVRWURSLF
1, 500 Ω H H H   Ǟ
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)LJXUH  97$V REWDLQHG IRU D VLQJOH FRPELQDWLRQ RI VWLPXODWLRQ
SDUDPHWHUV $  9 ω µV c0 = 0 c1 = −1c2 = 0 c3 = 0
IRU GLIIHUHQW LPSHGDQFH YDOXHV D  Ω E  Ω DQG F
 Ω XQGHU LVRWURSLF FRQGLWLRQV DQG G  Ω XQGHU
DQLVRWURSLF FRQGLWLRQV
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)LJXUH  %R[ZKLVNHU SORWV RI WKH HUURUV REWDLQHG ZLWK WKH
YDOLGDWLRQ VFKHPH GLVFULPLQDWHG E\ LPSHGDQFH FRQGLWLRQ IRU WKH
LVRWURSLF ERWWRP URZ DQG DQLVRWURSLF WRS URZ FRQGLWLRQV
VXEWKDODPLF QXFOHXV DQG WKH WKDODPXV LQ DGGLWLRQ WR WKH
WDUJHW 97$V DQG WKH 97$V REWDLQHG IURP WKH SDUDPHWHUV
HVWLPDWHG IRU RQH )LJXUH D DQG WZR DFWLYH FRQWDFWV
)LJXUH E 7KLV LPSOHPHQWDWLRQ LQ &YY DQG 3\WKRQ 
ZLWK DOO PDFKLQH OHDUQLQJ DOJRULWKPV SUHYLRXVO\ WUDLQHG
DOORZHG RQFH WKH GHVLUHG 97$ ZDV GHȌQHG WR H[HFXWH
WDVNV RI YLVXDOL]DWLRQ DQG GHIRUPDWLRQ RI WKH 97$ DQG DQ
HVWLPDWLRQ RI WKH '%6 SDUDPHWHUV LQ DQ PHDQ WLPH RI OHVV
WKDQ  V LQ D FRPSXWHU RI DYHUDJH VSHFLȌFDWLRQV 'HOO
RSWLSOH[  ZLWK DQ ,QWHO &RUH L SURFHVVRU DQG 
*% RI 5$0 7KLV SRLQWV WR WKH IHDVLELOLW\ RI LQFOXGLQJ WKH
SURSRVHG PHWKRGRORJ\ LQ SUDFWLFDO DSSOLFDWLRQV
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E
)LJXUH  7KH SURSRVHG PHWKRGRORJ\ ZDV LPSOHPHQWHG DV SDUW
RI D ' YLVXDOL]DWLRQ V\VWHP RI EUDLQ VWUXFWXUHV DQG WKH 97$
+HUH ZH VKRZ UHSUHVHQWDWLRQV RI WKH VXEWKDODPLF QXFOHXV WKH
WKDODPXV WKH '%6 HOHFWURGH WDUJHW 97$V UHG DQG 97$V
FRPSXWHG IURP WKH SDUDPHWHUV HVWLPDWHG IRU VXFK WDUJHWV
F\DQ LQ WKH FDVH ZKHUH WKHUH LV D D VLQJOH DFWLYH FRQWDFW DQG
E WZR DFWLYH FRQWDFWV ZLWK RSSRVLQJ SRODULWLHV DQRGHFDWKRGH
 &KUEWUUKQP
2QH RI WKH PDLQ FKDOOHQJHV IRU WKH VXFFHVV RI '%6 WKHUDS\
LV WR ȌQG D VHW RI DSSURSULDWH VWLPXODWLRQ SDUDPHWHUV
WKDW ZLOO UHVXOW LQ D WKHUDSHXWLF EHQHȌW IRU WKH SDWLHQW

9 *µPH]2UR]FR HW DO 5HYLVWD )DFXOWDG GH ,QJHQLHU¯D 8QLYHUVLGDG GH $QWLRTXLD 1R  SS  
>@ )RU D ORQJ WLPH WKLV SURFHVV RI DGMXVWPHQW ZDV
GRQH H[FOXVLYHO\ E\ WULDO DQG HUURU +RZHYHU LQ WKH ODVW
GHFDGH FRPSXWHU PRGHOV DQG VRIWZDUH SDFNDJHV EDVHG
RQ WKHP KDYH HPHUJHG WR DLG LQ WKLV WDVN >  @
$OWKRXJK WKHVH WRROV UHSUHVHQW DQ LPSRUWDQW DGYDQFH
WKHLU SKLORVRSK\ LV VWLOO EDVHG RQ WKH PDQXDO VHDUFK RI
WKH DSSURSULDWH SDUDPHWHUV ,Q YLHZ RI WKH DERYH ZH
SURSRVHG D PHWKRGRORJ\ WKDW DOORZV WR DXWRPDWLFDOO\ ȌQG
D FRQȌJXUDWLRQ RI VWLPXODWLRQ SDUDPHWHUV IRU FXUUHQW
FOLQLFDO '%6 GHYLFHV IURP D WDUJHW 97$ GHWHUPLQHG E\ WKH
PHGLFDO VSHFLDOLVW
7KH SURSRVHG PHWKRGRORJ\ DOORZV WR ȌUVW REWDLQ D
WDUJHW 97$ XVLQJ D VHW RI HOOLSVHV DQG WKHLU DVVRFLDWHG
FKDUDFWHULVWLFV E\ PHDQV RI .11 DSSUR[LPDWLRQ
)URP WKLV GHIRUPHG 97$ DQG D JLYHQ SXOVH ZLGWK WKH
UHPDLQLQJ VWLPXODWLRQ SDUDPHWHUV DUH REWDLQHG WKURXJK
FODVVLȌFDWLRQ DQG UHJUHVVLRQ DOJRULWKPV 690V LQ
FRQMXQFWLRQ ZLWK GLPHQVLRQDOLW\ UHGXFWLRQ WHFKQLTXHV
&.$ 7KH GHIRUPDWLRQ RI WKH 97$ E\ PHDQV RI .11
DOORZV WUDQVODWLQJ DQG PRUSKRORJLFDOO\ PDQLSXODWLQJ WKH
WDUJHW YROXPH QRW LQ DQ DUELWUDU\ ZD\ EXW IROORZLQJ WKH
UHVWULFWLRQV LPSRVHG E\ WKH FKDUDFWHULVWLFV RI WKH EUDLQ
WLVVXH DQG E\ WKH VWLPXODWLRQ GHYLFH 7KH QHHG IRU WKLV
VWDJH DULVHV EHFDXVH WKH WDUJHW 97$ PXVW FRQIRUP ZLWK
SK\VLFDO FRQVWUDLQV WKDW D UDQGRP VHW RI HOOLSVHV GRHV
QRW QHFHVVDULO\ VDWLVI\ :KLOH WKLV PD\ QRW EH RYHUO\
HYLGHQW XQGHU DQ LVRWURSLF WLVVXH FRQGXFWLYLW\ DVVXPSWLRQ
ZKHQ WKH 97$ KDV QHDUO\ LGHDOL]HG HOOLSVRLGDO VKDSHV LW
EHFRPHV REYLRXV XQGHU DQLVRWURSLF FRQGLWLRQV ZKHQ D VHW
RI HOOLSVHV FDQ RQO\ ORRVHO\ UHSUHVHQW WKH 97$ 7KH XVH RI
&.$ SULRU WR WKH HVWLPDWLRQ RI WKH VWLPXODWLRQ SDUDPHWHUV
IURP WKH GHIRUPHG 97$ DOORZV IRU WKH UHGXFWLRQ RI WKH GDWD
GLPHQVLRQDOLW\ ZKLOH HQFRGLQJ LWV UHOHYDQW LQIRUPDWLRQ
LQ RUGHU WR GHFUHDVH WKH FRPSXWDWLRQDO WLPH RI WKH
VXEVHTXHQW VWDJH /DVWO\ WKH JHQHUDOL]DWLRQ FDSDELOLW\
RI WKH 690V DOORZV WR KDQGOH QRQOLQHDU FKDQJHV LQ
WKH 97$ VKDSH LQ DGGLWLRQ WR WKH FRQYHUVLRQ EHWZHHQ
WKH GLPHQVLRQDOO\ UHGXFHG 97$V DQG WKH YDOXHV RI WKH
DPSOLWXGH RU WKH VSDFH RI WKH SRODULWLHV RI WKH HOHFWURGH
FRQWDFWV 2Q WKH ZKROH WKH SURSRVHG PHWKRGRORJ\
JHQHUDWHV HUURUV ZLWK UHVSHFW WR WKH JROG VWDQGDUG RQFH
WKH 97$ LV UHFDOFXODWHG IURP WKH HVWLPDWHG SDUDPHWHUV
LQ UDQJHV FRPSDUDEOH WR WKRVH UHSRUWHG LQ WKH OLWHUDWXUH
IRU RWKHU PDFKLQH OHDUQLQJ VWUDWHJLHV WKDW VHHN WR VROYH
RQO\ WKH WUDGLWLRQDO RU GLUHFW SUREOHP RI 97$ HVWLPDWLRQ
> @
 5VWF[ NKOKVCVKQPU
'HVSLWH WKH SRVLWLYH UHVXOWV REWDLQHG ZH PXVW HPSKDVL]H
WKDW WKH\ DUH EDVHG RQ DQDO\VHV SHUIRUPHG IRU UHGXFHG
UDQJHV RI VWLPXODWLRQ SDUDPHWHUV DQG IRU D VLQJOH
VWLPXODWLRQ V\VWHP 0HGWURQLFV $&7,9$5& VWLPXODWRU
DQG  HOHFWURGH 7KH VHOHFWHG UDQJHV DUH EDVHG RQ
WKH UHFRPPHQGDWLRQV RI FOLQLFDO SURJUDPPLQJ JXLGHOLQHV
HVSHFLDOO\ FRQFHUQLQJ WKH DPSOLWXGH RI VWLPXODWLRQ DQG
WKH QXPEHU RI FRQWDFWV VLPXOWDQHRXVO\ DFWLYH >@ 7KH
'%6 GHYLFH ZDV VHOHFWHG EHFDXVH QRZDGD\V WKLV IDPLO\ RI
VWLPXODWRUV LV VWLOO WKH PRVW ZLGHO\ LPSODQWHG V\VWHP >@
(YHQ VR WKH SURSRVHG PHWKRGRORJ\ FDQ EH JHQHUDOL]HG
WR RWKHU SDUDPHWHU UDQJHV DV ORQJ DV WKH FRUUHVSRQGLQJ
GDWDVHWV DUH DYDLODEOH WKH VDPH REVHUYDWLRQ DSSOLHV
WR PRUH FRPSOH[ '%6 GHYLFHV HJ GHYLVHV EDVHG RQ
FXUUHQW VWLPXODWLRQ DQG ZLWK D KLJKHU QXPEHU RI FRQWDFWV
1RQHWKHOHVV WKH JHQHUDWLRQ RI WKLV QHZ GDWDEDVHV ZRXOG
HQWDLOHG D ODUJH QXPEHU RI XSIURQW VLPXODWLRQV $QRWKHU
OLPLWDWLRQ RI WKLV VWXG\ LV WKH IDFW WKDW RQH RI WKH VWLPXODWLRQ
SDUDPHWHUV WKH SXOVH ZLGWK ZDV LQFOXGHG DV RQH RI WKH
V\VWHP LQSXWV 7KLV ZDV GRQH EHFDXVH D ODUJH QXPEHU RI
SXOVH ZLGWKDPSOLWXGH FRPELQDWLRQV JHQHUDWH H[WUHPHO\
VLPLODU 97$V PDNLQJ WKH SUREOHP RI LQWHUHVW YHU\
LOOFRQGLWLRQHG 7DNLQJ LQWR DFFRXQW WKDW LQ FOLQLFDO SUDFWLFH
WKH SXOVH ZLGWK WHQGV WR EH VHW WR D Ȍ[HG YDOXH WR WKHQ
YDU\ WKH RWKHU SDUDPHWHUV RI VWLPXODWLRQ >@ ZH GHFLGHG
WR HVWDEOLVK WKLV PDJQLWXGH DV V\VWHP LQSXW WR PLQLPL]H
WKH LPSDFW RI WKH DIRUHPHQWLRQHG KXUGOH ,Q WKH IXWXUH LQ
RUGHU WR LQFOXGH WKH SXOVH ZLGWK LQ WKH SDUDPHWHUV WR EH
HVWLPDWHG ZH SURSRVH WKH XVH RI PXOWLSOH RXWSXW PRGHOV
,Q WKHVH PRGHOV WKH PDFKLQH OHDUQLQJ V\VWHPV ZRXOG QRW
GHDO ZLWK WKH VWLPXODWLRQ SDUDPHWHUV LQGHSHQGHQWO\ EXW
VLPXOWDQHRXVO\ WKLV LQ WXUQ VKRXOG DOORZ WKHP WR FDSWXUH
UHODWLRQV EHWZHHQ WKH SDUDPHWHUV WKDW ZRXOG RWKHUZLVH
JR XQQRWLFHG $GGLWLRQDOO\ UHVWULFWLRQV UHJDUGLQJ SRZHU
HIȌFLHQF\ > @ FRXOG EH LQFOXGHG WKLV ZRXOG JLYH
DGGLWLRQDO LQIRUPDWLRQ WR WKH V\VWHP ZKHQ VHOHFWLQJ D
VXLWDEOH FRPELQDWLRQ RI VWLPXODWLRQ SDUDPHWHUV %HVLGHV
D %D\HVLDQ RSWLPL]DWLRQ DSSURDFK FRXOG EH XVHG WR
VLPXOWDQHRXVO\ WXQH DOO WKH IUHH SDUDPHWHUV RI WKH
SURSRVHG PHWKRGRORJ\ ZKLFK FRXOG DOVR DOORZ FDSWXULQJ
KLGGHQ SDWWHUQV LQ WKH 97$ GDWD DQG WR LPSURYH WKH RYHUDOO
SHUIRUPDQFH RI WKH V\VWHP
)LQDOO\ WKH PRGHOV XVHG WR FDOFXODWH WKH 97$V RI WKH
GDWDVHWV DUH KLJKO\ LGHDOL]HG >@ $OWKRXJK WKH LQFOXVLRQ
RI WKH GLIIXVLRQ WHQVRUV LQ WKH FDOFXODWLRQ RI WKH HOHFWULF
SRWHQWLDO DLPV WR LPSURYH WKDW VKRUWFRPLQJ WKHLU XVH DORQJ
ZLWK D[RQDO PRGHOV RI RUGHUHG VWUDLJKW WUDMHFWRULHV LV QRW
LGHDO > @ )XUWKHUPRUH WKH DSSURDFK XVHG WR REWDLQ
WKH GLIIXVLRQ WHQVRUV PD\ OHDG WR XQGHUHVWLPDWHG H[WHQWV
RI VWLPXODWLRQ >@ +RZHYHU DV DUJXHG E\ >@ V\VWHPV
EDVHG RQ VLPSOH LVRWURSLF PRGHOV KDYH EHHQ VKRZQ WR EH
XVHIXO LQ FOLQLFDO SUDFWLFH > @
 %QPENWUKQPU
:H KDYH SUHVHQWHG D VLPXODWLRQ PHWKRGRORJ\ EDVHG
RQ PDFKLQH OHDUQLQJ WHFKQLTXHV WR HVWLPDWH D '%6
VWLPXODWLRQ SDUDPHWHU VHWWLQJ IRU FXUUHQW FOLQLFDO GHYLFHV
7KH GHȌQLWLRQ RI D WDUJHW 97$ LV DFFRPSOLVKHG WKURXJK

9 *µPH]2UR]FR HW DO 5HYLVWD )DFXOWDG GH ,QJHQLHU¯D 8QLYHUVLGDG GH $QWLRTXLD 1R  SS  
D GHIRUPDWLRQ VWDJH EDVHG RQ D .11 DSSUR[LPDWLRQ
WKDW HQVXUHV ELRSK\VLFDO FRPSOLDQFH 7KH SDUDPHWHU
HVWLPDWLRQ VWDJH SURSHU HPSOR\V NHUQHO PHWKRGV QDPHO\
&.$ DQG 690V WR LQGHSHQGHQWO\ REWDLQ WKH YDOXHV RI HDFK
RI WKH '%6 SDUDPHWHUV XQGHU FRQVLGHUDWLRQ 6LQFH RXU
PHWKRGRORJ\ LV EDVHG RQ GDWD GULYHQ WHFKQLTXHV LW FDQ EH
XVHG IRU 97$ GDWD REWDLQHG XQGHU GLIIHUHQW DVVXPSWLRQV
HJ LVRWURSLF RU DQLVRWURSLF WLVVXH FRQGXFWLYLW\ FRQGLWLRQV
DQG FRXOG EH HDVLO\ DGDSWHG WR RWKHU '%6 GHYLFHV
0RUHRYHU WKH WUDLQHG DOJRULWKPV KDYH D ORZ FRPSXWDWLRQDO
WLPH $OVR DQ LPSOHPHQWDWLRQ RI WKLV PHWKRGRORJ\
KDV EHHQ LQFOXGHG DV SDUW RI D 97$ YLVXDOL]DWLRQ DQG
PDQLSXODWLRQ VRIWZDUH $V IXWXUH ZRUN ZH ZLOO LQFOXGH WKH
SXOVH ZLGWK LQ WKH SDUDPHWHUV WR EH HVWLPDWHG E\ XVLQJ
PXOWLSOH RXWSXW PRGHOV DQG E\ WDNLQJ LQWR DFFRXQW SRZHU
HIȌFLHQF\ FULWHULD DQG ZH ZLOO H[WHQG RXU DSSURDFK WR
H[SHULPHQWDO '%6 HOHFWURGH PRGHOV
 #EMPQYNGFIGOGPVU
7KLV ZRUN ZDV VXSSRUWHG E\ SURMHFW  WLWOHG
Ǥ&DUDFWHUL]DFLµQ PRUIROµJLFD GH HVWUXFWXUDV FHUHEUDOHV
SRU W«FQLFDV GH LPDJHQ SDUD HO WUDWDPLHQWR PHGLDQWH
LPSODQWDFLµQ TXLU¼UJLFD GH QHXURHVWLPXODGRUHV HQ OD
HQIHUPHGDG GH 3DUNLQVRQǥ IXQGHG E\ &ROFLHQFLDV $XWKRUV
9LYLDQD *µPH] 2UR]FR DQG ,Y£Q 'H /D 3DYD 3DQFKH
ZHUH VXSSRUWHG E\ WKH SURJUDP Ǥ'RFWRUDGR 1DFLRQDO HQ
(PSUHVD  &RQYRFWRULD  GH ǥ DOVR IXQGHG E\
&ROFLHQFLDV
4GHGTGPEGU
>@ ' &XQKD DQG HW DO Ǥ7RZDUG VRSKLVWLFDWHG EDVDO JDQJOLD
QHXURPRGXODWLRQ 5HYLHZ RQ EDVDO JDQJOLD GHHS EUDLQ VWLPXODWLRQǥ
1HXURVFLHQFH 	 %LREHKDYLRUDO 5HYLHZV YRO  SS Ǟ 1RY

>@ & & 0F,QW\UH DQG 5 : $QGHUVRQ Ǥ'HHS EUDLQ VWLPXODWLRQ
PHFKDQLVPV WKH FRQWURO RI QHWZRUN DFWLYLW\ YLD QHXURFKHPLVWU\
PRGXODWLRQǥ -RXUQDO RI 1HXURFKHPLVWU\ YRO  QR 6 SS
Ǟ 
>@ . / &ROOLQV ( 0 /HKPDQQ DQG 3 * 3DWLO Ǥ'HHS EUDLQ VWLPXODWLRQ
IRU PRYHPHQW GLVRUGHUVǥ 1HXURELRORJ\ RI 'LVHDVH YRO  QR  SS
Ǟ 
>@ 0 6 2NXQ Ǥ'HHSEUDLQ VWLPXODWLRQ IRU 3DUNLQVRQǢV GLVHDVHǥ 1HZ
(QJODQG -RXUQDO RI 0HGLFLQH YRO  QR  SS Ǟ 
>@ ; &KHQ < ;LRQJ * ;X DQG ; /LX Ǥ'HHS EUDLQ VWLPXODWLRQǥ
,QWHUYHQWLRQDO 1HXURORJ\ YRO  QR  SS Ǟ 
>@ 7 ( 6FKODHSIHU % + %HZHUQLFN 6 .D\VHU % 0¦GOHU DQG
9 $ &RHQHQ Ǥ5DSLG HIIHFWV RI GHHS EUDLQ VWLPXODWLRQ IRU
WUHDWPHQWUHVLVWDQW PDMRU GHSUHVVLRQǥ %LRORJLFDO 3V\FKLDWU\ YRO 
QR  SS Ǟ 
>@ 1 * /D[SDWL : 6 .DVRII DQG 5 ( *URVV Ǥ'HHS EUDLQ VWLPXODWLRQ
IRU WKH WUHDWPHQW RI HSLOHSV\ FLUFXLWV WDUJHWV DQG WULDOVǥ
1HXURWKHUDSHXWLFV YRO  QR  SS Ǟ 
>@ ' 5 &OHDU\ $ 2]SLQDU $ 0 5DVODQ DQG $ / .R Ǥ'HHS
EUDLQ VWLPXODWLRQ IRU SV\FKLDWULF GLVRUGHUV ZKHUH ZH DUH QRZǥ
1HXURVXUJLFDO )RFXV YRO  QR  S ( 
>@ $ 9HHUDNXPDU DQG 2 %HUWRQ Ǥ&HOOXODU PHFKDQLVPV RI GHHS
EUDLQ VWLPXODWLRQ DFWLYLW\GHSHQGHQW IRFDO FLUFXLW UHSURJUDPPLQJ"ǥ
&XUUHQW 2SLQLRQ LQ %HKDYLRUDO 6FLHQFHV YRO  SS Ǟ 
>@ $ $ .¾KQ DQG - 9RONPDQQ Ǥ,QQRYDWLRQV LQ GHHS EUDLQ VWLPXODWLRQ
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